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THERMODYNAMIC MODELING OF COBALT AND NICKEL REDUCTION
USING HYDROMETALLURGICAL ENRICHMENT CONCENTRATES
FOR STEEL ALLOYING

I. A. Rybenko %, 0. I. Nokhrina, I. D. Rozhikhina, M. A. Golodova
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Abstract. The article provides studies on reduction processes in model thermodynamic systems and processes of nickel reduction from nickel concentrate
and cobalt and nickel from cobalt-nickel concentrate. Concentrates are obtained during hydrometallurgical enrichment of polymetallic manganese-
containing ores of the Kemerovo region — Kuzbass. By thermodynamic modeling using TERRA software complex, it was determined that nickel can
be completely reduced from oxide in the NiO—C system at a carbon consumption of 0.08 kg/kg NiO, and at a carbon consumption of 0.15 kg/kg NiO —
in the NiO—Fe,0,~C system. It was found that cobalt reduction in the CoO—C system begins at a temperature of about 513 K at any carbon consump-
tion. With a further increase in temperature, the reduction process depends only on consumption of the reducing agent. From the obtained thermo-
dynamic modeling data, it follows that cobalt reduction from the cobalt-nickel concentrate begins at a temperature of about 513 K and subsequently
depends slightly on temperature. The extraction of cobalt increases with the amount of reducing agent at temperatures up to 553 K, then remains
constant up to 1473 K temperature. Nickel reduction takes place at a temperature above 473 K. The degree of nickel reduction slightly depends on
the temperature and amount of reducing agent at consumption of the latter over 0.02 kg/kg of concentrate. Laboratory studies showed that during the
melting period, nickel can be reduced from its oxide almost completely with solid carbon, since nickel has less sensitivity to oxygen than iron. Theo-
retical and experimental studies of steel direct alloying showed that it is advisable to use a solid phase process in reduction of nickel and cobalt. Nickel
concentrate and cobalt-nickel concentrate during steel smelting in an electric furnace is advisable to be introduced into charge in the form of mixtures
pelletized with a carbonaceous reducing agent.
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TEPMOAUHAMMUYECKOE MOAENNPOBAHUE BOCCTAHOBJ/IEHUA
KOBA/ZIbTA U HUKENA NPU UCNOJIb3OBAHUU KOHUEHTPATOB
TMAPOMETANNYPIMYECKOIO OBOTALLEHUA ANA NETUPOBAHUA CTANUN

U. A. Pui6enko ©, 0. U. HoxpuHa, U. . PoxxuxuHa, M. A. Toiog0Ba

Cubupckuii rocyrapcTBeHHbINH HHYCcTpUaNbHbII yHUBepceuTeT (Poccus, 654007, Kemeposckas o6i. — Kyzoacc, HoBoky3Helk,
yin. Kuposa, 42)

&) rybenkoi@mail.ru

AHHOmayus. B cratbe MPUBEACHBI WCCICAOBAHHMS BOCCTAHOBHTEIBHBIX MPOLIECCOB B MOJACIBHBIX TEPMOAMHAMHYECKUX CHCTEMax M IPOLECCOB
BOCCTAHOBJICHHSI HUKEJSl W3 HHUKEICBOIO KOHIEHTpATa M KOOAJIbTa W HHUKENS M3 KOOAIbT-HUKEIEBOrO KOHIEHTpaTa. KOHIEHTPATHI MOIyYCHBI
[P THAPOMETAILTYPIrHIECKOM 00OTAICHIN MOIMMETAITHYECKIX MapraHemconepxammx pya Kemeposckoii 061. — Kysbacca. Metomom tepmo-
JIMHAMUYECKOTO MOJCJIMPOBAHKS C UCHOJIb30BAHUEM IIPOrPaMMHOI0 KoMILIeKca Teppa OIpenesicHO, YTO HUKEIb M3 OKCHAA MOXKHO IOJIHOCTBIO
BoccTaHoBuTh B cucteMe NiO—C npu pacxoze yriepoaa 0,08 kr/kr NiO u npu pacxone yrepona 0,15 xr/kr NiO B cucreme NiO—Fe,0,—-C.
Boccranosnenue kobainsra B cucreMe CoO—C HaunmHaeTcs mpu temmneparype oxono 513 K mpu mo0six pacxonax yriepopa. C nanpHeium
POCTOM TeMIIepaTyphl MPOLECC BOCCTAHOBICHHS 3aBHCHT TOJBKO OT Pacxofia BOCCTAHOBUTEISL. V3 MOMyYEHHBIX MaHHBIX TEPMOANHAMHYECKOTO
MOJICITUPOBAHHMSI CIICYET, YTO BOCCTAHOBJICHHE KOOAIbTa M3 KOOAIBT-HUKEIEBOrO KOHIICHTpaTa HauMHACTCs [PU Temreparype npumepro 513 K
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U B JaJbHEHIIEM OT TeMIepaTyphbl 3aBUCHT He3HA4YUTeNbHO. CTeneHb U3BJICUEHUsT KOOaJIbTa BO3PACTAET C YBEIMYECHHEM KOJIMYECTBA BOCCTAHO-
BUTENS Ipu Temneparypax a0 553 K, 3arem ocraercst moctosHHON 10 Temmeparypsl 1473 K. BoccTaHOBIEHHE HUKENS MPOTEKAET MIPU TEMIIE-
patype Bbiiie 473 K. CTeneHb BOCCTaHOBJICHHs HUKEIS ¢1a00 3aBUCUT OT TEMIIEpaTyphbl U KOJIMYECTBA BOCCTAHOBUTEIS TIPU €ro pacxoje Gosee
0,02 xr/xr xoHneHTpara. [IpoBeseHHbIC Ta0OPATOPHbIE HCCIEIOBAHUS [OKA3aIIH, YTO B IIEPHO IIABICHHSA MOXHO BOCCTAHOBHTH HHUKENb U3 €T0
OKCHIa TBEP/bIM YITIEPOAOM NPAKTHYECKH MOJTHOCTBIO, TAK KaK HUKEIb 00J1aJ1aeT MEHBILIMM CPOJICTBOM K KHCIIOPOLY, UeM xkelie30. Teoperuueckue
1 SKCHECPUMCHTAIBHBIC UCCICIOBAHMS IPAMOTO JIETHPOBAHHUSA CTalH IOKA3aId, 9TO IIPH BOCCTAHOBICHHH HHKENIA M KoOajlbra LeaecoodpasHO
UCIIONIB30BATh TBEpo(ha3Hblil poriecc. KoHIeHTpaT HUKeIst U KOOAJIbT-HUKEJICBbIH KOHIIEHTPAT IPH BBITUIABKE CTANIH B AJIEKTPOIIEUH XKeJIaTeIbHO
BBOJUTH B 3aBaJIKy B BUJIE CMECeH, OKOMKOBaHHBIX C YITIEPOIHCTHIM BOCCTAHOBUTEIIEM.

Kawuessle cioea: TEPMOANHAMHYCCKOEC MOACIIMPOBAHUE, MOJCIIbHASI CUCTEMA, HUKEJIEBBII KOHIICHTpAT, KOOaJIbT-HUKEICBBIN KOHIICHTpAT

BaazodapHocmu: ViccnenoBaHye BBIIONHEHO IpH GpuHaHCOBOH nonaepkke PODU n Cyosexra PO (Kemeposckas 0611. — Kys6acc) B paMkax HayqHOTO
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- INTRODUCTION

Modern technologies must meet certain requirements,
the main ones being:

— rational use of material and energy resources;
— expansion of the product range;

— improvement of product quality;

— environmental safety.

These issues are particularly relevant in the production
of ferrous metals. A significant focus is on obtaining ultra-
pure steel with minimal undesirable impurities through
more cost-effective methods and in larger quantities, as
well as altering the structure and type of alloying elements
and deoxidizers used, moving towards less stringent com-
position requirements and corresponding cost reductions.

An analysis of current steelmaking technologies reveals
that the most significant cost factors in metal production
are the expenses for deoxidation and alloying of steel,
as well as the technological energy required. One way
to increase the efficiency of steel production is to modify
the technology for obtaining alloying elements by transi-
tioning to direct alloying of steel in the furnace or ladle
using ores and concentrates [1; 2].

In the past two decades, significant attention has
been paid, both in Russia [3 —5] and abroad [6— 8],
to the search for new chemical and hydrometallurgical
methods for enriching low-grade ores (including manga-
nese ores) as part of resource conservation efforts. When
enriching polymetallic manganese-containing ores from
Kuzbass using the technology proposed in [9], in addition
to high-quality manganese and iron concentrates, non-
ferrous metal concentrates (nickel concentrate, as well as
nickel-cobalt concentrate) are obtained, which can be used
for direct alloying.

Technological progress in mechanical engineering, con-
struction, chemistry, and other industries drives the demand
for high-quality steels and alloys. The most in-demand
types are structural, heat-resistant, acid-resistant, and

stainless steels, which require non-ferrous metals in their
production (with nickel being one of the primary ones).

Reserves of rich nickel ores with nickel content around
4 % are limited, leading to the use of low-grade silicate
ores with nickel content up to 1.5 % [10 — 12]. Currently,
there is considerable focus on finding new methods for
enriching and utilizing nickel-containing ores [13 — 15].
As an alternative raw material, polymetallic manganese-
containing ores and iron-manganese nodules, with nickel
content up to 0.5 %, can be considered [16; 17].

Global nickel production remains steady at around
1 million tons annually. In the global economy, the demand
for nickel continues to grow despite the constant rise in its
price. The increasing demand for nickel is due to its wide
range of applications, with the majority of produced nickel
used for steel alloying.

The growing need for cobalt in various fields of science
and technology, driven by the development of the aero-
space industry and the production of specialty steels for
oil extraction equipment, necessitates an increase in its
production volume. Most cobalt produced is used to create
various alloys. Cobalt is frequently used in alloys with
iron, chromium, tungsten, and molybdenum. It enhances
the cutting properties of high-speed steel, making it
valuable in the tool industry.

Cobalt alloys possess excellent magnetic properties,
corrosion resistance, wear resistance, and high thermal sta-
bility.

Adding cobalt to steel helps maintain magnetic pro-
perties at high temperatures and under vibrations, and
increases resistance to demagnetization. For instance,
Japanese steel containing up to 60 % Co has high coerci-
vity and loses only 2.0 — 3.5 % of its magnetic properties
under vibrations. Cobalt-based magnetic alloys are used in
the production of electric motor cores, transformers, and
other electrical devices [18; 19].

An analysis of the advantages and disadvantages
of direct steel alloying shows that the feasibility of a parti-
cular technology is determined by technical and economic
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indicators such as the duration of melting and the con-
sumption of reducing agent. The goal of the research was
to maximize the replacement of silicon, the primary reduc-
ing agent for alloying elements from concentrates, with
the more cost-effective carbon, and to achieve consistent
recovery of nickel and cobalt from the oxides present
in concentrates obtained during the hydrometallurgical
enrichment of polymetallic manganese-containing ores.

[l MATERIALS AND METHODS

In the context of steel production in electric arc fur-
naces, reducing agents such as carbon, carbon monoxide,
and silicon dissolved in molten steel can be considered
at different stages of melting. To determine the conditions
for the reduction of alloying elements from concentrates,
thermodynamic modeling methods based on the calcula-
tion of equilibrium states in model thermodynamic sys-
tems were used [20]. Thermodynamic modeling in this
study was conducted using ready-made software products
(TERRA software complex) developed at Moscow State
Technical University, which allows the determination
of the equilibrium composition of a multicomponent, hete-
rogeneous thermodynamic system for high-temperature
conditions based on the principle of maximum entropy.

An elementary system is formed by specifying the quan-
tity of its constituent components and temperature. Con-
densed solution compositions are formed if necessary. For
the selected two thermodynamic parameters, multi-variant
calculations of equilibrium compositions are carried out
depending on the thermodynamic parameters or the con-
sumption of raw materials.

The set of substances that can form given the speci-
fied elemental composition of the mixture was determined
through numerical modeling for the chosen temperature
range and various thermodynamic states. From the com-
plete list of possible substances, only those whose con-
centrations exceeded 107* mol/kg of the mixture were
selected. Calculations were conducted in the temperature
range from 573 to 1873 K, corresponding to steelmaking
temperatures.

Thermodynamic modeling of nickel, cobalt, and com-
bined nickel and cobalt reduction was performed for pure
systems and concentrates obtained from the enrichment
of polymetallic manganese raw materials: nickel concen-
trate (45.0 % Ni; 2.3 % Mn; 1.4 % Fe; 0.5 % Co; 0.1 % Cu;
less then 0.015 % P; traces of SiO, and 2,82 % loss on igni-
tion); cobalt-nickel concentrate (76.8 % CoO; 11.9 % NiO;
4.9 % Fe,0;; 1.2% Mn,0,; 0.2 % SiO,; 1.2 % CaCl,;
3.8 % loss on ignition) and coke from EVRAZ United West
Siberian Metallurgical Plant (49=13.6 %; V4'=2 %;
wr=2%; 51.1 %Si0,; 23.3 %Al,0,; 0.16 % MnO,;
1.58 % MgO; 1.2 % CaO; 17.46 % Fe,0,; 0.5 % P,Oy;
1.2 % K,0; 0.2 % Na,O; 74.4 % CO,).

During laboratory studies, an optimal method for
introducing nickel oxide into an electric arc furnace was
experimentally determined and tested. Steel was smelted
in a 10 kg capacity laboratory electric arc furnace. Pellets
with a diameter of 20 — 30 mm were produced from nickel
concentrate obtained from the enrichment of polymetallic
manganese ores (with a fraction size less than 0.5 mm) and
coke fines. The pellets were charged into the furnace in two
ways: [ — into the charge; /I — during the reduction period,
onto the metal bath before slag formation.

The number of pellets was calculated to achieve 1 %
nickel content in the steel. Experimental heats were con-
ducted using the classical two-slag technology. Scrap
metal with the following composition, wt. %, was used:
0.275 C; 0.267 Si; 0.423 Mn; 0.175 Cr; 0.1 Ni; 0.027 S;
0.028 P; the remainder Fe. The mass of charge materi-
als for experimental heat is provided in the Table. After
smelting, samples of metal and slag were taken for chemi-
cal analysis. The metal and slag were tapped into a ladle.
The resulting ingot was cut into three equal parts along its
height for metal analysis.

[ RESULTS AND DISCUSSION

Nickel reduction from nickel concentrate oxides

The calculation of possible compositions resulting
from nickel reduction processes in the thermodynamic

Initial charge materials for experimental heats

Hcxonnbie MUXTOBBIE MaTepuaJibl 1J151 ONIBITHBIX IVIABOK

Value for heat

Indicator
1 2 3 4 5 6

Mass of briquettes, kg 0.757 | 0.756 | 0.758 | 0.677 | 0.678 | 0.676
Composition of briquettes, wt. %:

Nickel concentrate 85 85 85 95 95 95

Coke 10 10 10 - - -

Binder 5
Mass of scrap metal, kg 9 9 9
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system consisting of NiO—C was performed by varying
the carbon content in the system, allowing the evalua-
tion of the concentration limits for reduction processes.
The model system NiO-—C was formed by specifying
the initial composition of the mixture: 1 kg of NiO and car-
bon in amounts ranging from 0.01 to 0.1 kg/kg of oxide.
The studies were conducted in the temperature range
from 1073 to 1873 K. The dependence of nickel reco-
very coefficients from the oxide on the amount of carbon
at temperatures of 1073, 1473, and 1873 K are presented
in Fig. 1. Thermodynamic calculations showed that maxi-
mum nickel reduction is achieved at a carbon consump-
tion of 0.08 kg/kg NiO. Therefore, complete nickel reduc-
tion can be achieved during solid-phase reduction before
the appearance of a liquid phase.

The results of equilibrium state calculations for
the NiO-Fe,0,—~C system within a carbon range of
0.01 — 0.50 kg/kg NiO and an initial amount of NiO (1 kg)
and Fe,O, (2 kg) are presented in Fig. 2. The significant
condensed phase consists of Ni, NiO, C, FeO, and Fe,O,.
The gas phase is represented by CO and CO, oxides.

The slag phase of the considered system is repre-
sented by FeO, Fe,O,, and NiO oxides. When the amount
of reducing agent exceeds 0.2 kg/kg NiO, the slag phase
consists only of FeO. Complete nickel reduction from

1.0
0.9
0.8
0.7
0.6
0.5
04
0.3
0.2
0.1

0
1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0 I I I I I I I I
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

Quantity, kg

Extraction coefficient

Carbon consumption, kg/kg NiO

Fig. 1. Dependences of nickel reduction parameters
on the amount of carbon in the NiO—C system
at a temperature of 1073, 1473, 1873 K (1 — 3):
a —amount of NiO; b — nickel extraction

Puc. 1. 3aBUCUMOCTH TAPaMETPOB BOCCTAHOBJICHUS HUKEJISI
OT KouuecTBa yriepoza B cucteme NiO—C
npu temreparypax 1073, 1473, 1873 K (1 - 3):
a — xormaecTBo NiO; b — u3BJIeUCHUE HUKEIS

100
80
60
40
20

Component
content, %

0 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
Carbon consumption, kg/kg NiO

Fig. 2. Dependence of slag phase composition on carbon flow rate
at constant temperature 1873 K in the NiO—Fe,0;—C system:

1-3-Fe,0,, FeO, NiO

Puc. 2. 3aBrCUMOCTb COCTaBa IUIAKOBOH (ba3bl OT pacxosa yriepoaa
npu nocrosiHHoi Temneparype 1873 K B cucreme NiO—-Fe,0,—C:

1-3-Fe,0,, FeO, NiO

oxide occurs at a carbon content of 0.15 kg/kg NiO in
the NiO—Fe,0,—C system.

The results of thermodynamic modeling demonstrated
that nickel can be fully reduced from its oxide in both
the NiO-C system and the NiO—-Fe,O,—C system at
metallurgical process temperatures.

During laboratory experiments, the optimal method
for introducing nickel oxide into the electric arc furnace
was experimentally determined. In heats / to 3, pellets
made from nickel concentrate were used, while in heats
4 to 6, a mixture of nickel concentrate and coke was used
(see Table).

The results of experimental steel alloying heats using
nickel-containing pellets showed that nickel recovery from
the concentrate was 92 — 95 % (option /) and 75 - 78 %
(option II).

The decrease in nickel recovery when it was added
at the beginning of the reduction period is likely due to par-
tial evaporation; as nickel is reduced in the arc zone, it may
partially evaporate due to its relatively low boiling point.

Under steelmaking conditions in an electric arc furnace,
within the temperature range of 1173 — 1873 K, nickel can
be almost completely reduced from its oxide by solid car-
bon during the melting period, as nickel has a lower affi-
nity for oxygen than iron.

Cobalt reduction in elementary systems

The study of cobalt oxide dissociation revealed that
the highest oxide, Co,0,, is absent in the system at tempe-
ratures above 473 K. The cobalt oxide stable at room tem-
perature is the complex oxide Co,0,, which has a spinel
structure where one set of lattice sites is occupied by Co?*
ions and the other by Co*" ions; it decomposes to form
CoO at temperatures above 1173 K. The results of ther-
modynamic calculations are shown in Fig. 3. The depen-
dencies indicate that Co,0, remains stable up to 1173 K.
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Fig. 3. Thermal dissociation of cobalt oxides:
1,2 —-Co,0,, CoO

34>

Puc. 3. Tepmueckasi JUCCOLMALINSI OKCHIOB KOOAJIbTA:
1,2-Co,0,, CoO

In the temperature range of 1173 to 1223 K, the amount
of Co,0, decreases to zero, CoO appears at 1173 K, and
its amount becomes maximal and stable to temperature
changes at 1223 K.

In modeling cobalt reduction, the CoO—C system was
considered. Calculations were performed in the tempera-
ture range of 273 to 1273 K, with reducing agent (carbon)
consumption ranging from 0.02 to 0.10 kg/kg CoO. Ther-
modynamic modeling showed that cobalt reduction begins
at approximately 513 K, regardless of carbon consump-
tion. As the temperature increases, the reduction process
depends solely on the amount of reducing agent (Fig. 4).
Cobalt is fully reduced from its oxide at a carbon consump-
tion of 0.1 kg/kg CoO at 1273 K.

Thermodynamic calculations of Co reduction in the
Co—0-Si and Co—O-Al systems in the temperature
range of 273 to 1273 K showed that cobalt is fully reduced
at a silicon consumption of 0.1 kg/kg Co or at an alumi-
num consumption of 0.24 kg/kg CoO at 1273 K.

1.0

“Oo 0.8
.%“o 06
2 o 0.4

i)

2%y 0.2
oz 0y
4

Fig. 4. Dependence of the amount of reduced cobalt on temperature
and carbon consumption in the CoO—C system

Puc. 4. 3aBUCHMOCTb KOJIMYECTBA BOCCTAHOBICHHOIO KOOANIbTa
OT TEMIEPATyphl U pacxofa yriuepona B cucteme CoO—-C
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[l Nickel and cobalt reduction from
cobalt-nickel concentrate

The reduction of cobalt and nickel from the oxides in
the concentrate using coke was studied in the temperature
range of 273 to 2073 K. Coke consumption varied from
0.02 to 0.10 kg/kg of concentrate.

The significant reduction products included:

— cobalt, nickel, cobalt oxides, nickel oxides, iron,
manganese, calcium and magnesium silicates, and alumi-
nates (condensed phase);

— water vapor, CO and CO, oxides, metal chlorides
(gas phase); chlorides were detected at temperatures above
1513 K.

The dependencies of cobalt and nickel recovery coef-
ficients from the cobalt-nickel concentrate on temperature
and carbon consumption are shown in Fig. 5.

The thermodynamic data indicate that cobalt reduction
begins at approximately 513 K and is minimally affected
by further temperature increases. The degree of cobalt

Recovery rate

1.0
fif 0.8
» 06
2
z 04
ot
S 02
0
Q 70
w 0 ISE
RS ol S5, &
Tetnperg, N & & o ? c5’§§0§
7 ¢} © 0N <) o
tllre,K N® § *'Dow
b &

Fig. 5. Dependences of extraction coefficients of nickel (@)
and cobalt (b) from cobalt-nickel concentrate
on temperature and carbon consumption

Puc. 5. 3aBucumocTr K03 HUIIMEHTOB U3BIICUCHNUS HUKEIS (a)
u kobanbra (b) N3 KOOAIBT-HUKEIEBOTO KOHIICHTPATa
OT TEMIIePaTypbl U pacxojia yrieposaa
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recovery increases with the amount of reducing agent
up to 553 K, after which it remains constant up to 1473 K.
With further temperature increases, cobalt recovery
decreases. When calculating the cobalt recovery coeffi-
cient, only cobalt present in the condensed phase was con-
sidered. The gas phase contained CoCl,, and its amount
increased with rising temperature.

Nickel reduction occurs at temperatures above 473 K.
The degree of nickel reduction is slightly dependent on
temperature and amount of reducing agent when the latter
exceeds 0.02 kg/kg of concentrate.

The study results showed that during the reduction
of nickel and cobalt from concentrates, complete reduction
of these elements is achieved at solid-phase reduction tem-
peratures in the range of 573 to 1073 K. The data obtained
are consistent with the results of previous studies [18; 19].

[ ConcLusions

The results of theoretical and experimental studies sug-
gest that solid-phase reduction is advisable for nickel and
cobalt reduction. Nickel can be fully reduced from nickel
concentrate by carbon at 1073 K, while cobalt and nickel
reduction from cobalt-nickel concentrate begins at approxi-
mately 513 K and is minimally affected by further tempera-
ture increases. Therefore, it is advisable to introduce nickel
and cobalt-nickel concentrates into the furnace charge dur-
ing steelmaking in electric arc furnaces as mixtures pelle-
tized with a carbonaceous reducing agent.
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COMPLEX ELECTRON-ION-PLASMA SURFACE
MODIFICATION OF HIGH-ALLOY STAINLESS STEEL

Yu. F. Ivanov @, E. A. Petrikova, A. D. Teresov,
I. V. Lopatin, O. S. Tolkachev

Institute of High Current Electronics, Siberian Branch of the Russian Academy of Sciences (2/3 Akademicheskii Ave., Tomsk
634055, Russian Federation)

&) yufi55@mail.ru

Abstract. The work is devoted to identification and analysis of patterns of change in the elemental and phase composition, defective substructure, mecha-
nical (microhardness) and tribological (wear resistance and friction coefficient) properties of stainless high-chromium steel subjected to complex
processing, combining vacuum irradiation of the samples surface layer with an intense pulsed electron beam of submillisecond exposure duration and
subsequent nitriding under electron-ionic heating conditions. High-chromium steel AISI 310S, which in the initial state is a polycrystalline aggregate
based on y-iron, was used as the research material. Pulsed electron beam treatment of steel was carried out on a “SOLO” installation equipped with
an electron source with a plasma cathode based on a low-pressure pulsed arc discharge with grid stabilization of the cathode plasma boundary and
an open anode plasma boundary. Steel nitriding was carried out on a “TRIO” installation with a chamber size of 600x600x600 mm, equipped with
a switching unit to implement the electron-ionic processing mode. Nitriding was carried out at 723, 793, and 873 K temperatures for 1, 3 and 5 h.
It was found that electron-ionic nitriding of the samples pre-irradiated with an electron beam (10 J/cm?, 200 ps, 3 pulses at 723 and 793 K for 3 h)
is accompanied by the formation of a ceramic layer containing only iron and chromium nitrides. The highest values of steel wear resistance after
electron-ionic nitriding, exceeding the wear resistance of the initial steel by more than 700 times, are observed at nitriding parameters of 793 K, 3 h.

Keywords: high-chromium steel, complex processing, pulsed electron beam treatment, nitriding, structure, phase composition, hardness, wear resistance,
friction coefficient
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KOMNNEKCHAA 3NNIEKTPOHHO-UOHHO-NNA3SMEHHASA
MOAUDGUKALMNA NOBEPXHOCTU HEPXKABEIOLLLEW
BbICOKONIETUPOBAHHOW CTANU

10. ®. UBanoB =, E. A. [leTpukoBa, A. /I. Tepecos,

H. B. JlonatuH, O. C. Ton1kayeB
| Uucruryr cuabHoTouHol dnekTponukn Cudbupcekoro oraenenus PAH (Poccus, 634055, Tomck, Akagemuueckuit mp., 2/3)

&) yufi55@mail.ru

AHHomayus. Pabora nocBsileHa BbISIBICHUIO U aHAJIN3Y 3aKOHOMEPHOCTEH M3MEHEHHs IEMEHTHOrO U (pa30BOro cocTaBoB, 1e(EKTHOH cyOCTpyK-
TYpBI, MEXaHHYECKHUX (MHUKPOTBEPAOCTD) U TPHOOIOIMYECKUX (M3HOCOCTOMKOCTh M KO3()(UIUECHT TPEHHS) CBONCTB HEP)KABEIOIIEH BBICOKOXPO-
MHCTOH CTaJIM, MOJBEPrHYTOH KOMIUIEKCHOH 00paboTKe, KOTopast coueTaeT 00IyyeHHe B BAKYyyMe TOBEPXHOCTHOTO €105l 00pa31i0B HHTEHCHBHBIM
HMITYJIbCHBIM 3JIEKTPOHHBIM ITyYKOM CYOMMILTHCEKYHIHOU IINTEIBHOCTH BO3ACHCTBUS M MOCIEHYIONIee a30THPOBAHNUE B YCIOBHAX IHOHHOTO
HarpeBa 00pa3ioB. B kauecTBe Marepualia HCCIIeI0BaHHS UCTIONB3YETCs BBICOKOXpoMucTasi craib 20X23H18, sBnsitomasicst B NCXOHOM COCTOSTHUN
MOJIMKPUCTAUINYECKIM arperaroM Ha OCHOBE Y-kene3a. OOIydeHHe CTald MMITYJIbCHBIM 3IEKTPOHHBIM ITyYKOM aBTOPHI IPOBOIMIM Ha yCTa-
Hoske «COJIO», ocHaIEHHOHN NEKTPOHHBIM HCTOUHUKOM C IJ1a3MEHHBIM KaTOI0M Ha OCHOBE MMITYJILCHOI'O JlyrOBOTO Pa3psiia HU3KOTO JIaBICHHs
C CeTOYHOH cTabuiam3anueil rpaHuIbl KaTOAHOW IUIa3Mbl M OTKPBHITOW IpaHHIECH aHONHOH IUIa3Mbl. A30THPOBAaHHE CTalH OCYLIECTBILLIOCH HA
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Hearos 0.9, [lempukosa E.A. u dp. KoMiiekcHast 3J1eKTPOHHO-MOHHO-TIJIa3MeHHas MOAMQUKaLMS I0BEPXHOCTH Hep)KaBeloLleH ...

ycranoBke « TPHO» ¢ pa3mepamu xamepbl 600x600%600 MM, 100CHAIIEHHON OJIOKOM KOMMYTALUH VISl peau3alui JTHOHHOTO (3J1€KTPOHHOIO
1 MOHHOTO) pexrMa 00paboTKu. A30THPOBaHUE POBOIMIM IpH Temreparypax 723, 793 u 873 K B teuenue 1, 3 u 5 4. DIMOHHOE a30TUPOBAHUE
npu temreparypax 723 u 793 K B Teuenue 3 4 06pasios, MpeIBapUTENILHO 00IyIEHHBIX SIEKTPOHHBIM ITydKoM (rpu peskume 10 JIx/em?, 200 MKc,
3 UMIL.), COIPOBOXKAACTCS (POPMHUPOBAHIEM KEPAMHIECKOTO CIIOSL, COIEPIKAIIETr0 TOIBKO HUTPHIBI xKene3a 1 Xxpoma. Hanbomnee BEICOKHE 3HAUCHHS
U3HOCOCTOMKOCTH CTAJIU TI0CIIE YTMOHHOTO a30THPOBAHUS, IIPEBHIIAIOIIME H3HOCOCTOMKOCTD HCXOHOM cTasu Oonee ueM B 700 pas, HabmonaroTcs

pu mapameTpax azoruposanus 793 K, 3 1.

Kawuesswle caosa: BBICOKOXPOMHUCTAsL CTaJlb, KOMIIJICKCHAs o6pa60TKa, O6Hy‘{€HI/I€ HUMITYJIbCHBIM DJICKTPOHHBIM ITYYKOM, a30THPOBAaHUEC, CTPYKTYpa,

(azoBbIil cocTaB, TBEPAOCTH, H3HOCOCTOMKOCTD, KOI(D(DUIHEHT TPEHHS

BaazodapHocmu: Pabora BhINOIHEHA B paMKaX roCylIapCTBEHHOTO 3aaHuss MUHHUCTEPCTBA HAyKH M BbICIIEro 0OpazoBaHusi Poccuiickoit deneparnnu
(rema Ne FWRM-2021-0006). Pesynbrarst [I9M-ananusa noaydeHsl Ha 6a3e HayuHo-o6pa3zoBaTeibHOr0 HHHOBAalIMOHHOTO LieHTpa «HanoMarepuaisl

u Ha"HoTexHomorum» HU TITY.

Jna yumupoeanus: Vsanos 10.D., [TerpuxoBa E.A., Tepecos A.Jl., Jlomatun W.B., TonkaueB O.C. KommiekcHast 91€KTpOHHO-HOHHO-TUIa3MEHHASI
MoaH(UKALUs TOBEPXHOCTH HEPIKABEIOIICH BEICOKOJICTHPOBAHHON cTaiu. M3gecmus y306. Yepnas memannypeus. 2024;67(4):391-397.
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[ INTRODUCTION

The recent studies have highlighted the increasing
demand for surface modification of metals and alloys
through complex processing. These processing combines
various methods such as saturating the surface layer with
gas atoms, depositing thin films of different metals fol-
lowed by mixing under high-energy pulsed electron
beams, applying hard and superhard wear-resistant coa-
tings, and more [1; 2]. These processes result in a gra-
dient structure in the near-surface layer, with a gradual
change in the concentration of alloying elements with
depth, significantly enhancing the surface’s hardness,
wear resistance, corrosion resistance, and electrical con-
ductivity [3 —5]. The most commonly used ion-plasma
nitriding method in the industry is nitriding in an abnor-
mal glow discharge [6 — 8]. However, this method has
the main disadvantage of relatively high operating pres-
sure, which hinders effective ion cleaning of the surface
during nitriding. To overcome this drawback, the Insti-
tute of High Current Electronics of the Siberian Branch
of'the Russian Academy of Sciences developed the plasma
generator “PINK,” which has been successfully used for
a quarter of a century [9 — 11]. The necessary temperature
for the nitriding process using the “PINK” plasma gene-
rator is maintained by a flow of ions from the discharge
plasma, accelerated to an energy determined by the elec-
tric bias on the samples. This often leads to intensive ion
etching of the treated surface and a significant increase in
its roughness [12; 13]. To mitigate the impact of intense
ion bombardment on the formation of the modified layer,
studies [14; 15] proposed using the electronic compo-
nent of the plasma for heating the samples, implemen-
ting an elion process. This process allows for adjusting
the processing temperature without significantly altering
the intensity of ion bombardment.

The aim of this work is to establish the patterns
of evolution in the structure, mechanical, and tribological
properties of high-chromium steel subjected to a compre-
hensive treatment that combines pulsed electron beam
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irradiation and subsequent elion nitriding in a low-pres-
sure gas discharge plasma.

[ MATERIALS AND METHODS

The material used for the study was high-chromium
steel AISI 310S with the following composition (wt. %):
C0.2; Si1.0; Mn 2.0; Nil17-20; Cr22-25; S0,02;
P 0.035; and the remainder Fe. The samples were in
the form of plates measuring 10x10%5 mm. The steel was
irradiated with a pulsed electron beam using the “SOLO”
installation, equipped with an electron source featuring
a plasma cathode based on a low-pressure pulsed arc
discharge with grid stabilization of the cathode plasma
boundary and an open anode plasma boundary [17; 18].
Based on thermal calculations, electron beam energy
densities (E¢) of 10 and 30 J/cm? were selected (pulse
duration 200 ps; number of pulses 3; frequency 0.3 s7).
At an electron beam energy density of 10 J/cm? (200 ps,
3 pulses), a solid-phase mode is achieved, meaning trans-
formations in the surface layer of AISI 310S steel occur
within the temperature range where the surface layer
remains in the solid state. At an electron beam energy den-
sity of 30 J/cm? (200 us, 3 pulses), a liquid-phase mode
is realized, meaning transformations in the surface layer
of AISI 310S steel occur within the temperature range
where the surface layer is in a molten state. The nitriding
of the steel was performed using the “TRIO” installation,
which has a chamber size of 600x600x600 mm and is
equipped with a switching unit to implement the elion
(electronic and ionic) processing mode [15]. This pro-
cess was carried out at temperatures ranging from 723
to 873 K for 1 — 5 h. The temperature of the samples was
regulated by the filling factor of the electronic phase.
The samples were fixed on a stationary holder in the cen-
ter of the chamber along the axis of the plasma sources,
with the holder positioned at a 60° angle to each source
and the samples on the front side of the holder. The pro-
cess temperature was measured using a chromelalumel
thermocouple fixed in the sample holder through
a quartz cup.
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The structure, elemental, and phase composition
of the modified steel were investigated using X-ray dif-
fraction analysis, optical microscopy, scanning electron
microscopy (SEM), and transmission electron micro-
scopy (TEM). The mechanical properties of the steel
were characterized by microhardness (indenter load
0.5 N), and the tribological properties were characte-
rized by wear resistance and the coefficient of friction.
The parameters for the tribological tests under dry fric-
tion conditions at room temperature were as follows:
counter body — a 6 mm diameter silicon carbide (SiC)
ball, wear track diameter 4 mm, load 5 N, and friction
path length 2000 m.

[ RESULTS AND DISCUSSION

Surface treatment of AISI310S stainless steel
with a pulsed electron beam at an energy density (E;)
of 10 J/cm? (200 ps, 3 pulses) results in the forma-
tion of slip traces on the irradiated surface (Fig. 1, a),
indicating intense deformation of the surface layer due
to the relaxation of elastic stresses formed in the sur-
face layer of the samples during the rapid energy input
and cooling process. The surface of the samples remains
smooth, with no microcracks, microcraters, or micro-
pores observed. This indicates that the irradiation did not
lead to the melting of the surface layer of the samples.

Surface treatment of AISI310S stainless steel with
a pulsed electron beam at an energy density of 30 J/cm?
(200 ps, 3 pulses) results in the formation of a highly
relief structure on the irradiated surface, characterized
by a large number of microcraters. A cellular structure
is observed within the grains, indicating melting and
subsequent high-speed crystallization of the surface
layer (Fig. 1, ). Therefore, under this irradiation mode,
the high-speed melting of the surface layer occurs,
which aligns with the results of the temperature field
calculations. The crystallization cell sizes range from
330 to 500 nm. Microcracks are present on the surface
of the steel, located along the grain boundaries, indica-
ting a high level of residual stresses formed in the surface
layer due to rapid cooling.

It has been established that increasing the electron
beam energy density leads to a rise in the wear coeffi-
cient (a decrease in wear resistance) of the steel from
1.9-10* mm3/(N-m) at 10 J/cm? to 5.2:10"* mm3/(N-m)
at 30 J/cm?. The wear coefficient of the steel before
pulsed electron beam irradiation is 4.9-10~* mm?3/(N-m).
Additionally, it was shown that the microhardness
of the samples increases with the electron beam energy
density, from 1.7 GPa in the initial state to 2.4 GPa after
irradiation at 30 J/cm?.

Subsequent nitriding of the steel resulted in a signifi-
cant increase (4 to 9 times compared to the initial state) in

the hardness of the surface layer. The hardness of the steel
decreases with increasing nitriding temperature and
electron beam energy density. The maximum thickness
of the hardened layer is 45 — 50 um, achieved through
a comprehensive treatment that combines irradiation at
an electron beam energy density of 10 J/cm? and subse-
quent nitriding at a temperature of 793 K for 3 h. Nitri-
ding at 793 K for 3 h yields the best results in tribological
tests, with the wear resistance of steel samples irradi-
ated with a pulsed electron beam at £,= 10 J/cm? rea-
ching 1.2-10°® mm?*/(N-m), and at £; = 30 J/cm? reaching
0.58-107° mm3/(N-m), which is significantly higher than
the wear resistance of the steel in both the initial and irra-
diated states.

X-ray phase analysis determined that the main phases
of the modified samples are a-iron and y-iron, as well as
iron nitrides Fe,N, Fe,N, chromium nitrides CrN, and

Fig. 1. Electron microscopic image of the surface structure
of AISI 3108 steel samples irradiated with a pulsed
electron beam:
a—Eg=10 J/em?* (200 ps, 3 pulses);

b— Ey=30 J/em? (200 ps, 3 pulses)

Puc. 1. DIeKTPOHHO-MHKPOCKOIIMYECKOE U300paKeHHE CTPYKTYPBI
noBepxHocTH 00pa3uoB cranu 20X23H18,
O6JTY4EHHON MMITYJILCHBIM SIIEKTPOHHBIM [Ty 4KOM:
a—Eg=10 Jlx/cm? (200 Mxc, 3 umiL.);

b— Ey=30 Jlx/cm? (200 mKc, 3 mv.)
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the complex nitride Fe;NiN. The highest microhard-
ness values (15.8 and 15.6 GPa) were demonstrated
by samples subjected to comprehensive treatment, which
includes preliminary pulsed electron beam treatment
(10 J/em?, 200 pus, 3 pulses) and subsequent nitriding at
temperatures of 723 and 793 K for 3 h. The surface layer
structure of these samples is characterized by the forma-
tion of a ceramic layer containing only iron and chro-
mium nitrides.

Scanning electron microscopy first observed the phe-
nomenon of blistering during electron-ion-plasma nitrid-
ing, resulting in the formation of bubbles on the material
surface (Fig. 2, a).

It is noteworthy that the formation of bubbles is
observed on the surface of metals and alloys, metal-
ceramic, and ceramic materials subjected to intense cor-
puscular exposure (ions H*, B*, He", etc.), and is most
prominently manifested in nuclear and thermonuclear
reactor technologies, as well as in space [19 — 21].

Studies of the fracture surface of samples pre-irradi-
ated with a pulsed electron beam and subjected to elion
nitriding revealed that the destruction of the surface layer
of the steel predominantly follows a quasi-brittle mecha-
nism (Fig. 2, b).

The defect structure of the modified layer was studied
using transmission electron microscopy. It was found that
nitriding is accompanied by the formation of a lamellar
structure (Fig. 3).

Nitriding of samples subjected to preliminary treat-
ment with a pulsed electron beam at an electron beam
energy density of 10 J/cm?, pulse duration of 200 us, and
three pulses, leads to the formation of a structure with
alternating iron nitride and chromium nitride plates and
results in a structure characterized by alternating y-iron
plates and predominantly iron nitrides.

- CONCLUSIONS

Nitriding process was carried out on samples
of AISI 310S steel, which had been pre-irradiated with
a pulsed electron beam, in a low-pressure gas discharge
plasma with sample heating by plasma electrons (elion
nitriding method). The formation of blisters on the mate-
rial surface was observed during elion nitriding. Nitriding
resulted in the formation of a plate-like structure with
alternating iron nitride and chromium nitride plates (for
samples pre-irradiated with a pulsed electron beam at an
energy density of 10 J/cm?, pulse duration of 200 us, and
three pulses) or a structure with alternating y-iron plates
and predominantly iron nitrides (for samples pre-irra-
diated with a pulsed electron beam at an energy density
of 30 J/cm?, pulse duration of 200 us, and three pulses).
The highest microhardness values (15.8 and 15.6 GPa)
were demonstrated by samples subjected to combined
treatment, which included preliminary treatment with
a pulsed electron beam (10 J/cm?, 200 us, three pulses)
and subsequent nitriding at temperatures of 723 and

Fig. 2. Electron microscopic image of the AISI 310S steel structure subjected to complex modification,
combining irradiation with a pulsed electron beam at 10 J/cm?, 200 ps, 3 pulses (a) and 30 J/cm?, 200 ps, 3 pulses (b)
and subsequent nitriding at 793 K for 3 h:

a — modification surface; b — fracture surface

Puc. 2. DneKTpOHHO-MHUKPOCKOTINYECKOe n300pakeHne cTpykTypsl ctanu 20X23H18,
MOJIBEPTHYTOH KOMIUIEKCHOMY MOIH(DHUIIUPOBAHUIO,
coderaroneMy 00J1y4eHre UMITY/ILCHBIM 3IEKTPOHHBIM ITy4koM pu 10 [ix/cm?, 200 Mke, 3 umil. (@)
u ipu 30 /em?, 200 Mke, 3 umi. (b)
U nocrnenyroiee azotuponanue npu 793 K, 3 u:
@ — TIOBEPXHOCTb MOJU(BHUIHPOBAHHS; b — HOBEPXHOCTH U3JIOMa
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Fig. 3. Electron microscopic images of the AISI 310S steel surface layer structure subjected to complex modification
(irradiation with a pulsed electron beam at 30 J/cm?, 200 s, 3 pulses and subsequent nitriding at 793 K for 3 h):
a and b — dark fields obtained in [111]y-Fe and [002]y-Fe + [002]F¢,N reflections;
¢ — microelectron diffraction pattern (arrows indicate reflections in which dark fields / (a), 2 (b) were obtained)

Puc. 3. DneKTpOHHO-MUKPOCKOITUYECKOE N300paKEHNE CTPYKTYPBI MOBEPXHOCTHOTO ciiost cTanu 20X23H18,
HO/BEPrHYTON KOMILICKCHOH Monupukaiuu (001ydeHHe HMITYIbCHBIM JIeKTPOHHBIM my4ykoM mpu 30 ix/cM?, 200 MKc, 3 uMil.
U nocneaytoriee azoruposanue npu 793 K, 3 u.):
au b — Temnoe none, nony4uennoe B peduexcax [111]y-Fe u [002]y-Fe + [002]Fe,N;
¢ — MHKPOAJIEKTPOHOTrpaMMa (CTpeIKaMu yKa3aHbl pedieKChl, B KOTOPBIX MOTy4eHbI TeMHbIe oist / (a), 2 (b))

793 K for 3 h. The highest wear resistance, significantly
surpassing that of the steel in both its initial and irradi-
ated states, was observed in samples pre-irradiated with
a pulsed electron beam at E, = 30 J/em? and nitrided
at a temperature of 793 K for 3 h.
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Short report
Kpamkoe coo6ujeHue

GRADIENT OF MICROHARDNESS IN THE CONTACT ZONE
COATING (HEA CoCrFeNiMn) — SUBSTRATE (ALLOY 5083)

M. 0. Efimoy, I. A. PanchenkKo, Yu. A. Shlyarova®

| Siberian State Industrial University (42 Kirova Str., Novokuznetsk, Kemerovo Region — Kuzbass 654007, Russian Federation)

&3 rubannikova96@mail.ru

Abstract. In this work, a coating of a high-entropy alloy CoCrFeNiMn of non-atomic composition is formed on a substrate made of alloy 5083
by the method of wire-arc additive manufacturing (WAAM). The authors investigated the change in microhardness in the contact zone of the coating —
substrate system. Using the methods of modern physical materials science, the structural and phase state, defect structure and elemental composition
of the coating — substrate system were analyzed. The discovered physical mechanisms contribute to an increase in hardness in the contact zone.

Keywords: microhardness, contact zone, substrate, coating, high-entropy alloy, structure
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FPAQUEHT MUKPOTBEPLOCTU B 30HE KOHTAKTA
NOKPbITUE (BIC CoCrFeNiMn) — noanoXKA (cnnas 5083)

M. 0. Epumos, U. A. [lanyeHnko, I0. A. Ill1sposa ®
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AnHomayus. B Hactosmiell paboTe METOOM IPOBOJIOYHO-YyTOBOIO A JUTUBHOTO Tpon3BoacTBa (WAAM) Ha nojioxkke u3 cmiasa 5083 dopmu-
pyercst moKpeiTHE U3 BbICOKO3HTpomnuitHoro ciuiaBa CoCrFeNiMn HesKBHaTOMHOTO cocTaBa. ABTOPBI UCCICAYIOT U3MEHEHHE MUKPOTBEPIOCTH
B 30HE KOHTAKTa CHCTEMbI MOKPBITHE — MOI0XKKA. C IMOMOIIBIO METOJOB COBPEMEHHOTO (DU3MYECKOTO MAaTepPHANIOBEICHHS POAHATIM3UPOBAHBI
CTPYKTYpHO-(pa30BO€ COCTOsIHUE, e(heKTHASI CTPYKTYpPa U 2JIEMEHTHBIH COCTAB CUCTEMBbI IOKPBITUE — NMOAT0KKa. OOHApYKeHbI (PH3UUECKHE MeXa-
HH3MBI, CIIOCOOCTBYOLINE MOBBIIICHHIO TBEPIOCTH B 30HE KOHTAKTA.

Katouesvle c108a: MUKPOTBEPAOCTh, 30HA KOHTAKTA, OJUI0KKA, TIOKPBITHE, BBICOKOIHTPOIIUIHBIH CIIIaB, CTPYKTYpa

baazodapHocmu: Pabora BbIonHEeHa B paMkax rocyaapcrseHnoro 3aganust Ne 0809-2021-0013. ABTopsl BbIpakaloT OJ1arofapHocThb mpodeccopam
10.®. ViBanosy u B.E. I'pomoBy 3a 00Cyk/eHHE PE3yIbTATOB.

Aas yumupoeanus: Ebumos M.O., ITanuenko U.A., naposa FO0.A. I'paguent MukporBepaocty B 30He KoHTakTa nokpsitie (BOC CoCrFeNiMn)
—nomioxka (criaB 5083). Hzeecmus 6y306. Yepnas memannypeus. 2024;67(4):398-400. https://doi.org/10.17073/0368-0797-2024-4-398-400

In recent years, researchers in physical materials sci-
ence have focused on high-entropy alloys (HEAs) [1; 2],
which exhibit abnormally high values of mixing entropy,
surpassing those of complex alloys. The HEA concept
involves achieving maximum mixing entropy from five
or more elements in various atomic ratios. This results in
single-phase structures with significant lattice distortion

398 © M. 0. Efimov, L. A. Panchenko, Yu. A. Shlyarova, 2024

and impeded diffusion, leading to enhanced strength pro-
perties and stability over a wide temperature range [3 — 5].
Developed HEAs show promise for applications in elec-
tronics, nuclear energy, transport engineering, aerospace,
and other industries [6; 7]. The use of HEAs is expected
to expand as new compositions are developed and their
properties investigated. Currently, extensive information
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is being gathered and understood about HEA synthesis
methods, structural and phase states, defect substruc-
tures, and properties.

In this study, the change in microhardness within
the contact zone of the HEA CoCrFeNiMn coating on
the alloy 5083 substrate was analyzed.

The study used samples of the coating-substrate
system, where the coating was a non-equiatomic com-
position of HEA CoCrFeNiMn, formed on a substrate
of alloy 5083 using wire-arc additive manufacturing [3].
The hardness of the material was determined using
the Vickers method on a PMT-3 microhardness tester
with a load of 5 N. Studies of structural and phase states,
defect substructure, and elemental composition were con-
ducted using transmission electron diffraction micros-
copy on a JEM2100 instrument.

The microhardness of the coating — substrate system
varies from 9.9 GPa at the coating — contact zone boun-
dary to 1.5 GPa at the contact zone — substrate boundary.
The microhardness of the coating and substrate is 3.0 and
1.0 GPa, respectively (Fig. 1).

The significant change in the microhardness of the con-
tact zone is due to the structural and phase changes
of the material when the coating is applied to the sub-
strate. X-ray microanalysis confirmed the chemical homo-
geneity of the coating and the presence of aluminum
atoms, indicating their diffusion from the substrate.

Electron microscope images of the contact zone
revealed the formation of a grain-subgrain structure with
crystallite sizes ranging from 0.5 to 1.1 um (Fig. 2, a).
Within the grains of such a structure, chaotic and cellular
dislocation substructures with a scalar density of approx-
imately 10'° cm are present (Fig. 2, b).
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Fig. 1. Change in microhardness of the coating — substrate system

Puc. 1. VI3meHenne MUKPOTBEPIOCTH CUCTEMBI IIOKPBITHE — MOUIOKKA

Particles of the second phase were found within
the volume of grains and subgrains, as well as at their
boundaries. The sizes of these particles in the grain
volume range from 15 to 17 nm, and at their boundaries
from 30 to 35 nm. Analysis of X-ray diffraction patterns
established that the chemical composition of the second-
phase particles is AL Ni.

Plate-shaped formations were found in the contact
zone on the substrate side. Analysis of dark-field images
and indexing of the corresponding X-ray diffraction pat-
terns allows us to conclude that these inclusions are iron
aluminides of the composition Al,Fe,.

Fig. 2. Electron microscopic images of contact zone
of the coating — substrate system:
a — grain-subgrain structure;
b — dislocation substructure

Puc. 2. DnexTpoHHO-MHKPOCKOITMYECKUE H300paskeH s
30HBI KOHTAKTa CHCTEMBbI IOKPBITHE — MO/JIOKKA:
@ — 3epeHHO-Cy03epeHHAs CTPYKTYpa;
b — nucnokanuoHHas CyOCTpyKTypa
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- CONCLUSIONS

Analysis of the phase elemental composition and defect
substructure suggests that the increase in microhardness
in the contact zone of the coating-substrate system is due
to several factors: the formation of a submicron grain-
subgrain structure containing nanosized second-phase
particles, solid-solution strengthening resulting from
mutual alloying of the coating and substrate, and the for-
mation of plate-shaped iron aluminides. Additionally,
differences in thermophysical characteristics between
the coating and the substrate may lead to the formation
of internal stress fields in the contact zone.
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PHASE COMPOSITION AND MICROSTRUCTURE OF INTERMETALLIC ALLOYS
OBTAINED USING ELECTRON-BEAM ADDITIVE MANUFACTURING

S. V. Astafurov, E. V. Mel'nikov, E. G. Astafurova©, E. A. Kolubaev

Institute of Strength Physics and Materials Science, Siberian Branch of the Russian Academy of Sciences (2/4 Akademiches-
kii Ave., Tomsk 634055, Russian Federation)

&) elena.g.astafurova@ispms.ru

Abstract. The paper investigates the microstructure and phase composition of nickel- and aluminum-based intermetallic alloys obtained using two-wire
electron-beam additive manufacturing (EBAM). Relevance of the research is related to the widespread use of intermetallic alloys based on nickel
and aluminum (mainly Ni,Al) in various high-temperature applications and the need to use modern production methods when creating machine parts
and mechanisms from these alloys. Using EBAM, the billets from intermetallic alloys with different ratios of the content of main components were
obtained. Change in concentrations of the basic elements was carried out varying the ratio of feed rates of nickel and aluminum wires during additive
manufacturing in the range from 1:1 to 3:1, respectively. The results of microscopic studies of the obtained alloys showed that, regardless of nickel
content, the obtained alloys are characterized by a large—crystalline structure with grain sizes in the range of 100 — 300 um for alloys with a component
ratio of 1:1 and 150 — 400 pm for alloys with a component ratio of 2:1 and 3:1. At the same time, the alloy with an equal content of base components is
characterized by more uniform grain and microstructure compared to those with high content of Ni. By changing the concentration ratio of the compo-
nents, phase composition of the resulting billet can be purposefully controlled. In the case of an “equiatomic” content of the base components in the
alloy, a NiAl-based compound with a small phase content based on the intermetallides Ni;Al; and Ni Al is formed. At high concentrations of nickel,
the intermetallic Ni,Al phase is formed, and at a component ratio of 3:1, structure of the resulting billet consists mainly of Ni,Al phase and the y solid
substitutional solution based on nickel. The paper demonstrates the possibility of direct production of intermetallic alloys with a given phase composi-
tion during electron-beam additive manufacturing.

Keywords: intermetallic alloy, additive manufacturing, microstructure, phase composition
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®A30BbIA COCTAB U MUKPOCTPYKTYPA
WHTEPMETAIZIMMECKUX CNJIABOB, MONIYYEHHbBIX METOA40M
NPOBOMIOYHOIO 3NEKTPOHHO-NYYEBOrO
AAAUTUBHOTO NPOU3BOACTBA

C. B. Acta¢gypos, E. B. MesibHuKOB, E. I. ActagpypoBa “, E. A. Kosiy6aes

HWHcruTyT Du3uKn npouHocTH u MmatepuasoBenenuss Cuoupckoro oraesenusst PAH (Poccus, 634055, Tomck, np. Akagemuuec-
Kuii, 2/4)

&) elena.g.astafurova@ispms.ru

AHHOmayus. B paboTe NpoBENEHO HCCIENOBAHME MHUKPOCTPYKTYPHI M (ha30BOrO COCTaBa WHTEPMETAIUIMUECKUX CIUIABOB HA OCHOBE HMKEIs
¥ QIFOMUHUS, TTOJYYEHHBIX C UCIIOIb30BaHMEM JIBYXIIPOBOJIOYHOTO 3JIEKTPOHHO-IYyYeBOr0O aaauTuBHOrO npounssozactea (DJIAIT). AxryaspHOCTH
TIPOBEICHHBIX MCCIIEOBAaHUN CBsS3aHA C HIMPOKHM HCIIOIb30BAHHEM MHTEPMETAJUIMUCCKUX CIUIABOB HAa OCHOBE HUKENS W QIIOMHHHS (TpeHMy-
ecTBeHHO Ni; Al) B pa3iiMuHbIX BRICOKOTEMIIEPATYPHBIX MPUIIOKEHHUAX H HEOOXOIMMMOCTBIO HCTIONb30BAHHS COBPEMEHHBIX METOJIOB IIPOU3BOJICTBA
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IPH CO3JAaHUM ACTaNeil MaIllH ¥ MEXaHU3MOB U3 3THX ciu1aBoB. C nomornipio DJTATT ObUTH MOMy4YEHBI 3arOTOBKH HHTEPMETAUIHYECKHX CIUIABOB
C pa3HBIM OTHOIICHHEM COICPXKAHUS OCHOBHBIX KOMIIOHEHTOB. VI3MeHEHHE KOHIIEHTpAIHH 0a30BBIX AIEMEHTOB OCYIIECTBIIIOCH IIyTEM H3Me-
HEHHsI COOTHOLIECHHUS CKOPOCTEH 0/1a4i HUKEJIEBOH 1 aJlFOMMHHEBOH IPOBOJIOK B POLIECCE aAIMTHUBHOTO POM3BOACTBA B Auarna3one ot 1:1 no 3:1
COOTBETCTBEHHO. Pe3yIbTaThl MHKPOCKOIIMYECKUX HCCIEIOBAHUH MOIYYCHHBIX CIUTABOB IIOKA3AIIH, YTO HE3aBUCHMO OT COICP)KAHHS HUKEIIS MOIy-
YEHHBIE CIUIABbI XapaKTePU3YIOTCsl KPYIHOKPUCTAIUIMYECKOH CTPYKTYpOii ¢ pasmepamu 3epeH B auanazone 100 — 300 MKkM a1 CIU1aBoB ¢ COOT-
HomreHreM KoMroHeHToB 1:1 n 150 — 400 MxM [uIs CIIIIaBOB ¢ COOTHOIIEHNEM KOMMIOHEHTOB 2:1 u 3:1. Ilpu 3TOM crtaB ¢ paBHBIM COZEp)KaHHEM
6a30BbIX KOMIIOHEHTOB XapaKTepu3yeTcsi 6oj1ee 0IHOPOIHOM 3epeHHON MUKPOCTPYKTYPOI 110 CPaBHEHHIO CO CIIABAMHU C BEICOKMM COICPKAHUEM
HuKes. [Ipy H3MeHeHNH COOTHOIICHNS KOHIICHTPAINH KOMIIOHCHTOB, II0JaBaeMbIX B IIPOIIECCE aJJUTUBHOTO IIPOM3BOJICTBA, MOKHO IIEJICHATIPAB-
JICHHO YNPaBISTh (Ja30BBIM COCTABOM IOJIy4aeMOH 3aroTOBKH. B cilyuae «9KBHATOMHOrO» ColepkaHus B CIUIaBe 0a30BbIX KOMIIOHEHTOB (hOPMHU-
pyercs coenuHenne Ha ocHoBe NiAl ¢ neGosbimM conepxanueM (a3 Ha ocHose uHTepMeTamuaoB NiyAl; u Ni Al TIpu Gosbimmx KoHIeHTpa-
HUAX HUKeNs GopMupyeTcst naTepMeTaiaHas ¢pasa NiAl, a Ipu COOTHONIEHNH KOMIIOHEHTOB 3:1 CTPYKTypa MojTyqaeMoi 3aroTOBKH COCTOMT
HpeuMyecTBeHHO 13 pasel NiyAl vy TBEp/I0ro pacTBOpa 3aMeIEHUs Ha OCHOBE HUKelIs. B paboTe mpoieMOHCTPUPOBaHa BO3MOKHOCTh HPSIMOTO
HOJTyYEHUs] HHTEPMETaIINUECKUX CIUIABOB C 3aJaHHBIM (Da30BBIM COCTABOM B IIPOIECCE HIEKTPOHHO-TYYEBOrO aJIATHBHOIO IPOM3BOJICTBA.

Katouesvle c108a: vHTEepMETaUTNUYECKUIT CILJIaB, aIUTHBHOE IPOU3BOJICTBO, MUKPOCTPYKTYpa, (a30BBIil cOCTaB
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[ INTRODUCTION

Intermetallic alloys are solid materials composed
of two or more metallic elements [1]. Unlike traditional
alloys, intermetallics feature an ordered crystal structure
with strong ionic or covalent bonds [1; 2]. These charac-
teristics give intermetallic compounds a range of unique
physical and mechanical properties, including high melt-
ing points and exceptional strength, even at extremely
high temperatures [1; 2].

One of the most intriguing intermetallic compounds
for industrial applications is the Ni Al alloy. It boasts
high tensile and compressive strength across a broad
temperature range, up to 1100 °C [3 — 5], a positive tem-
perature dependence of yield strength between 0 and
800 — 900 °C [3 — 5], and excellent resistance to corro-
sion, fatigue, creep, and wear, even at elevated tempera-
tures [6 — 8]. These unique properties make nickel and
aluminum-based alloys highly valuable in various indust-
ries for high-temperature applications, particularly in
the production of gas turbine engine blades, turbocharger
rotors for diesel power plants, and structural components
in the automotive, aerospace, metallurgical, and metal-
working sectors [2; 3; 9].

However, these alloys have significant drawbacks,
including low plasticity and a tendency toward brittle
fracture, which complicates their processing during
manufacturing [1; 4; 5]. Traditional powder metallurgy
methods — such as casting, sintering, self-propagating
high-temperature synthesis, and directional solidifica-
tion [7; 9; 10] — are not suitable for producing finished
products from intermetallic alloys [11 — 13]. As a result,
additive manufacturing has emerged as a promising
method for producing machine and mechanism parts
from nickel aluminide. This process involves creating
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a part with a specified shape by sequentially layering
and melting powder raw materials or wire using a high-
energy beam [10; 11; 14].

In [11], intermetallic alloys with a composite struc-
ture were produced using selective laser sintering (SLS)
with various mass ratios of aluminum and nichrome alloy
powders. The resulting matrix, based on nichrome, was
filled with intermetallic particles of Ni,Al and NiAl.
In [15], layered intermetallic structures based on nickel
and aluminum with various stoichiometric composi-
tions were obtained using selective laser melting (SLM)
technology. In [16], samples of Ni;Al intermetallic alloy
were produced using SLM and direct laser metal depo-
sition (DLMD) methods, exhibiting slight microporosity
and microcracks that formed during the cooling of the bil-
lets. Notably, the samples produced by SLS showed
smaller grain sizes compared to those formed during
DLMD additive manufacturing, which is attributed
to the different heating and cooling regimes in the additive
manufacturing process. The cracking of additive inter-
metallic billets can be avoided by preheating the powder
mixture to 1100 °C [13]. In [17], selective electron-beam
melting (SEBM) of the IC21 intermetallic alloy powder,
based on nickel and aluminum, resulted in a material
with a structure free of pores and predominantly con-
sisting of the y" phase of Ni;Al. The alloy demonstrated
high strength properties across a wide temperature range
(25 - 1000 °C). When forming billets of the IC21 alloy
using SLM technology, samples with a dendritic structure
were obtained, consisting mainly of the y’ phase of Ni;Al,
with y-phase and NiMo-phase grains in the dendrites and
interdendritic spaces, respectively [18]. The significant
cracking observed in the billets during their crystalliza-
tion process was also highlighted in.
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The primary drawbacks of using additive technolo-
gies based on dispersed powders as raw materials include
the high cost of powders, their rapid oxidation, and
low deposition rates, among other issues [12]. A solu-
tion to these problems is to use additive manufacturing
methods that employ one or more metallic wires of a spec-
ified composition as the raw material. In [12], intermetal-
lic alloys were produced using the wire and arc additive
manufacturing (WAAM) method, utilizing nickel and alu-
minum wires. The refractory nickel wire was melted by
an electric arc source, while the low-melting aluminum
wire was added directly to the melt bath. It was shown
that by adjusting the wire feed rates, the phase composi-
tion of the resulting compounds (Ni,Al, NiAl, etc.) could
be altered. In [14; 19], M. Zhang and co-authors demon-
strated that when using a two-wire feed in WAAM, a den-
dritic y + v’ structure with y’-phase layers in the interden-
dritic spaces of the Ni;Al intermetallic alloy forms, and
the strength of the resulting billets is comparable to com-
mercial alloys.

Despite its high productivity and the absence of a need
for complex and expensive equipment, a drawback
of the WAAM method is that the additive manufacturing
process occurs in an inert gas environment, which does
not fully protect the product from harmful impurities
and oxidation. From this perspective, the most effective
approach is to use additive technologies where the billets
are printed in a vacuum. Such methods include electron-
beam additive manufacturing (EBAM) [20].

This study focuses on investigating the structure and
phase composition of nickel- and aluminum-based inter-
metallic alloys produced using EBAM with aluminum
and nickel wires.

[ EXPERIMENTAL METHODOLOGY

In this study, billets in the form of vertical walls with
dimensions of 120x24x7 mm and made of nickel and
aluminum-based alloys, were produced using a labora-
tory electron-beam additive manufacturing (EBAM)
setup developed in the Institute of Strength Physics and
Materials Science SB RAS. To produce the billets, two
wires with a diameter of 1.2 mm — nickel (NP-2 alloy,
99.5 wt. % Ni) and aluminum (ESAB OK Autrod 1070
alloy, 99.8 wt. % Al) — were fed into the melt bath.
The additive manufacturing process was carried out under
the following parameters: beam current (/) of 30 + 35 mA,
beam scanning speed (V,) of 2.5 mm/s along the deposited
layer, accelerating voltage (U) of 30 kV, elliptical beam
scan from the center, and a scan frequency of 100 Hz.
The process was conducted in a vacuum at a pressure
of 1073 Pa. The billets were formed by sequential depo-
sition of layers of uniform thickness onto a mild steel
substrate. To obtain intermetallic alloys with varying
volumetric contents of components, the feed rate ratios

of the nickel and aluminum wires were adjusted, resulting
in billets with the following nickel-to-aluminum ratios:
1:1 (Ni + Al), 2:1 (2Ni + Al), and 3:1 (3Ni + Al).

Samples for structural and mechanical studies were
cut from the cross-sections of the billets. For micro-
structural and phase analysis, the samples were mechani-
cally polished, then electrolytically grinded in a solu-
tion of 25 g CrO, and 210 ml H,PO,, and finally etched
in a solution of 90 % CH,COOH and 10 % HCIO,.
The microstructure was examined using optical micros-
copy (OM, Altami MET 1C) and scanning electron micros-
copy (SEM, Zeiss Leo Evo 50 with an energy-dispersive
X-ray spectroscopy (EDS) attachment). X-ray structural
and phase analyses were conducted using a Dron-3M dif-
fractometer (Burevestnik) with CoK  radiation. The lat-
tice parameters of the phases were determined by extrap-
olating the dependence of the (ahkl), values, determined
for each X-ray line with indices (4kl), on the function
(cosBcot) [21].

[ RESULTS AND DISCUSSION

Microstructure of alloys produced by EBAM

Fig. 1 presents OM and SEM images of the micro-
structure of nickel and aluminum-based intermetallic
alloys produced using EBAM technology. Metallographic
analysis revealed that the billets were free of macro- and
microscopic pores or cracks. All three alloys exhibited
a coarse-grained layered structure. Within the grains,
a dendritic microstructure of different morphology often
became visible during electrolytic polishing: depending
on the grain orientation relative to the polished sur-
face, either extended, wellformed dendritic branches or
broken or partially dissolved dendritic lamellae could
be observed. Additionally, homogeneous contrast areas
(layers) were noted in the images, where no segregation
was detected (Fig. 1).

The Ni + Al alloy demonstrated a fairly homogeneous
structure with infrequent interlayers. On a macroscopic
level, its structure was more uniform than that of the
2Ni + Al and 3Ni + Al alloys in terms of forming a laye-
red structure. Meanwhile, the intragranular microstruc-
ture of the equiatomic alloy showed little variation along
the height of the billet (Fig. 1, a, b). Most often, equiaxed
grains ranging from 100 to 300 pum in size were observed
(Fig. 1, a, b). The 2Ni + Al and 3Ni + Al alloys were cha-
racterized by a more heterogeneous structure, with rela-
tively thick interlayers (up to 200 pm thick) and grains
elongated in the direction of billet growth (Fig. 1, ¢ — e),
with grain sizes ranging from 150 to 400 pm. Notably,
in alloys with higher nickel content, the dendrites were
narrower, and their branches were often intact, indicating
a significantly higher density of dendrite/interdendritic
boundaries compared to the Ni + Al alloy.
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Fig. 1. Metallographic (a, ¢, €) and scanning electron microscopy (b, d, f) images of microstructure
of Ni + Al (a, b), 2Ni + Al (¢, d) and 3Ni + Al (e, f) intermetallic alloys

Puc. 1. OM (a, ¢, ¢) u COM (b, d, f) n300paxeHns] MUKPOCTPYKTYPbl HHTEPMETAJUTHYESCKUX CILIABOB
Ni + Al (a, b), 2Ni + Al (¢, d) u 3Ni + Al (e, f)

Thus, using two-wire feed EBAM with an equal com-
ponent ratio results in a homogeneous billet (in terms
of microstructure) that is free of macro- and microscopic
defects (pores, cracks, etc.) immediately after additive
manufacturing.

[l Phase composition of alloys obtained by EBAM

According to the phase diagram of the nickel — alumi-
num system, alloys within this binary system can exist in
the following phase states [22 — 24]:

- NiAl,
25 at. %);

—Ni,Al, (trigonal crystal lattice, homogeneity range
for nickel: 37 — 41 at. %);

— NiAl (BCC lattice, homogeneity range for nickel:
42 — 69 at. %);

— Ni Al; (orthorhombic crystal lattice, homogeneity
range for nickel: 64 — 68 at. %);

— Ni,Al (y'-phase with FCC lattice (L1, superstruc-
ture), homogeneity range for nickel: 73 — 75 at. %);

(orthorhombic lattice, nickel content:
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— Ni;Al (y-phase, disordered solid solution with FCC
lattice with homogeneity region for nickel: 73 — 75 at. %).

In this study of additive manufacturing of interme-
tallic alloys, the nickel content fed into the billet dur-
ing EBAM is relatively high (according to the chemical
composition of the NP-2 alloy, not less than 49.5 wt. %
for the Ni + Al billet). Therefore, the expected phases in
the resulting billets, based on the phase diagram, include
NiAl, Ni,Al,, Ni;Al, and a nickel-based alloy enriched
with aluminum through a substitution mechanism (when
the nickel content in the system exceeds 75 at. %).

X-ray phase and X-ray microanalyses revealed that
the phase composi-tion of the billets produced by EBAM
is determined by the feed rate ratio of nickel and alu-
minum wires into the melt bath, or, in other words, by
the mass ratio of the components of forming the interme-
tallic alloy. Figs. 2 and 3 show X-ray patterns and SEM
images with marked EDS spectrum areas for the obtained
billets. The table provides data on the chemical com-
position and corresponding phases in different areas
of the examined samples (as per Fig. 3), obtained from
EDS analysis for the three billets with different compo-
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nent ratios of nickel and aluminum (phases were identi-
fied based on a comparison of the chemical composition
in the EDS spectrum area with the “nickel — aluminum”
phase diagram [22 — 24]).

Fig. 2, a shows that when the feed rate ratio of the two
wires is Ni= 1:1, the resulting billet has a heterophase
structure composed of NiAl, NijAl;, and Ni,Al phases.
However, according to X-ray phase analysis, the Ni Al
intermetallic phase is not the predominant phase, and
EDS analysis does not detect this phase at all (Fig. 3, a,
see the Table). Consequently, in the EBAM process,
when nickel and aluminum wires are fed into the melt
bath at equal speeds, i.e., with a near-equal mass ratio
of nickel and aluminum, the formed intermetallic alloy
predominantly consists of NiAl and Ni,Al, phases.

Increasing the wire feed rate ratio to Ni:Al=2:1
in the EBAM process results in an intermetallic alloy
with a more complex phase composition. According
to the X-ray phase study (Fig. 2, b), the formed billet has
a heterophase structure consisting of NiAl, NijAl,, Ni,Al,
and Ni phases. At the same time, EDS analysis indicates
that the main phase in this case is Ni;Al, with the content
of the other three phases being relatively small (Fig. 2, b,
see the Table).

Further increasing the wire feed rate ratio to Ni:Al =
=3:1 leads to the formation of a two-phase alloy based
on Ni and Ni,Al (Fig.2, ¢, Fig.3,c, Table). In this
case, the formed Ni,Al intermetallic phase has a lat-
tice parameter of @ =0.3572 nm. This value is lower
than the typical value for the y’-phase of @ = 0.3589 nm
(for the L1, superstructure [23]). Such differences may
be due to the formation of a two-phase composition
(y +v') in the Ni Al grains during EBAM, i.e., the for-
mation of regions of disordered y’-solid solution based
on Ni,Al together with the ordered y-phase. On the other
hand, the lattice parameter of Ni in the formed alloy is
higher than that of pure FCC nickel (¢ = 0.3568 nm vs.
a=0.3526 nm [25]). This may be due to the formation
of a solid solution of aluminum in nickel via the substitu-
tion mechanism.

The results of X-ray phase analysis and energydis-
persive spectroscopy (EDS) of the intermetallic alloys
produced by EBAM showed that their phase composi-
tion generally corresponds to the mass ratio of the initial
materials (nickel and aluminum wires) fed into the melt
bath during additive manufacturing. For instance, with
a Ni ratio of 1:1, the primary phase is NiAl; at a ratio
of 2:1, a significant portion of the Ni;Al phase is formed,
with the excess aluminum being redistributed to form
Ni Al, grains. When the nickel content is three times that
of aluminum, the primary phase is Ni,Al. Moreover, X-ray
phase and EDS analyses did not detect any unreacted alu-
minum in the resulting alloys, indicating that all the alu-

minum was fully incorporated into the formation of inter-
metallic compounds during the EBAM process.

Thus, the study results demonstrate that the EBAM
process allows for the formation of nickel- and alumi-
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Fig. 2. XRD-patterns of intermetallic alloys
Ni + Al 2Ni + Al and 3Ni + Al (a — ¢)

PHC. 2. PeHTreHOFpaMMLI I/IHTCpMeTaHHI/I‘ICCKI/IX CILZIaBOB
Ni + Al 2Ni + Al 1 3Ni + Al (a - ¢)
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Fig. 3. SEM-images of microstructure of intermetallic alloys
Ni+ Al, 2Ni + Al and 3Ni + Al (a — ¢) with EDS spectra positions (Table)

Puc. 3. COM n306paxeHnst MUKPOCTPYKTYPbl HHTEPMETAJUTHMYECKUX CILIABOB
Ni + Al, 2Ni + Al u 3Ni + Al (a — ¢) ¢ HareceHHbIMHU oOnacTsmu onpeaenerust IJIC cruekTpos (cM. TadauILy)

Chemical and phase composition of intermetallic alloys in the zones of EDS analysis shown in Fig. 3

Xumuueckuii 1 ¢pa3zoBplii COCTaBbl HHTEPMETAINYECKHX CILIABOB B 001acTsAX nposenenus JJC ananusa,
0003HaYeHHBIX HA puc. 3

Ni:Al=1:1 Ni:Al=2:1 Ni:Al=3:1
Spectrum | Al/Ni, at. % Phase Spectrum | Al/Ni, at. % Phase Spectrum | AI/Ni, at. % Phase
Al 42.5/57.5 NiAl Bl 40.6/59.4 NiAl Cl 18.2/81.8 Ni,Al +Ni
A2 41.8/58.2 NiAl B2 30.6/69.4 | Ni Al + Ni,Al C2 16.1/83.9 Ni,Al +Ni
A3 42.8/57.2 NiAl B3 25.9/74.1 Ni,Al C3 15.4/84.6 Ni,Al +Ni
A4 40.7/59.3 NiAl B4 26.3/73.7 Ni,Al C4 15.1/84.9 Ni,Al+ Ni
A5 35.0/65.0 Ni,Al, B5 35.2/64.8 Ni,Al, C5 14.9/85.1 Ni,Al +Ni
A6 36.1/63.9 NiAl, B6 22.7/77.3 Ni,Al+ Ni C6 14.5/85.5 Ni,Al +Ni
A7 36.2/63.8 Ni Al B7 27.4/72.6 Ni,Al C7 15.1/84.9 Ni,Al+ Ni
A8 36.3/63.7 Ni Al, B8 26.9/73.1 Ni,Al C8 18.8/81.2 Ni,Al+ Ni
A9 37.6/62.4 NiAl B9 26.6/73.4 Ni,Al C9 13.5/86.5 Ni,Al+ Ni
A10 37.1/62.9 NiAl B10 46.0/54.0 NiAl C10 15.3/84.7 Ni,Al+ Ni

num-based intermetallic alloys with a predetermined
phase composition by varying the mass ratio of the com-
ponents fed into the melt bath.

- CONCLUSIONS

Using EBAM technology with a two-wire feed, billets
of nickel- and aluminum-based intermetallic alloys with
varying component contents were produced. The mass
ratio of nickel to aluminum was adjusted by varying
the feed rates of the two wires into the melt bath during
the additive manufacturing process. The resulting billets
were characterized by a coarse-grained, layered structure.
The alloy with an equal content of nickel and aluminum
exhibited a more homogeneous internal structure com-
pared to the alloys with ratios of 2:1 and 3:1.

The phase composition of the resulting alloys was
also determined by the mass ratio of the components used
in the additive manufacturing process. When the wire
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feed rate ratio was 1:1, a NiAl-based alloy was formed
with a small content o Ni,Al; and Ni Al phases. Increas-
ing the nickel content alters the phase composition
of the intermetallic alloy, and at a nickel-to-aluminum
ratio of 3:1, the structure of the resulting billet predomi-
nantly consists of (y +y') Ni,Al and a y-substitutional
solid solution based on nickel with a small amount of alu-
minum.

The results of this study demonstrated the fundamen-
tal possibility of producing nickel- and aluminum-based
intermetallic alloys with a specified chemical composi-
tion using EBAM technology.
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LOW-CYCLE FATIGUE OF WELDED JOINT
FROM STEEL OF X70 STRENGTH CLASS

A. A. Galkin, Yu. G. Kabaldin, Yu. S. Mordovina®, M. S. Anosov
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Abstract. Steels of X70 strength class are particularly widely used in the field of heavy engineering. One of the most important issues when choosing
steel for structures is its behavior under cyclic loads. It is difficult to find a description of the behavior of all zones of the welded joint under fatigue.
The purpose of this study was to determine the fatigue characteristics of welded joints made of the Russian analogue of S690QL steel with fixation
of acoustic and magnetic parameters for their use in the diagnosis. The objects of the study were the samples from domestic steel of X70 strength
class. The chemical composition was determined using optical emission spectrometry. The grinds for microstructural analysis were prepared according
to the standard technique with etching in the metal. The fatigue test was carried out on a specialized test bench. The authors used the acoustic system
AIS NRK-3 for acoustic measurements and the acoustic parameter D — as an informative parameter. A MA-412MM coercitimeter was applied
to evaluate the magnetic characteristics. The following were evaluated: residual magnetization B , coercive force H_, H /B, ratio. The smallest number
of cycles corresponds to the deposited metal zone. The decrease in amplitude showed a significant variation in the behavior of the material depending
on the junction zone. However, the curves for heat affected zone (HAZ) and the deposited metal are practically the same. HAZ differs to a lesser extent
from the base metal than the deposited metal zone. The graph of the acoustic parameter in its form is the reverse of the magnetic characteristics graph.
Thus, there is a minimum for the acoustic parameter, depending on the operating time, and a maximum for the magnetic characteristics. For both
graphs, the extremum is the point corresponding to the operating time of 0.6.

Keywords: fatigue, low-cycle fatigue, welded joint, acoustic parameter, coercive force, residual magnetization, fatigue of welded joints, X70 strength
class
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UCCNEAOBAHUE MANTOLUMKNOBOMW YCTANOCTU 30H
CBAPHOIO COEAMHEHUA CTANU KNACCA NPOYHOCTU X70

A. A.Tankum, 10. T. Ka6aaaus, 10. C. Mopaosuna ©, M. C. AHOCOB

Hu:xeropoackuii rocynapcrBennblii Texunyeckuii ynusepcutet uM. P.E. AsekceeBa (Poccus, 603022, Hmxanit Hosropon,
yi1. MuHuHa, 24)

&) ips4@nntu.ru

AnHomayus. lllupokoe npuMeHeHne B 00JaCTU TSHKEIOro MAIIMHOCTPOSHUS MOIYYMIIN CTaIN Ki1acca npodHocty X70. OnHuM u3 Hanbosee BasKHbIX
BOIPOCOB TIPU BBIOOPE CTAIM JUIsl KOHCTPYKLMH SIBISETCS €€ MOBeJCHHE MPH LUKINYECKUX Harpy3kax. B HayuHoli sureparype TpyIHO HaWTH
OTMCAaHUE TIOBEJICHNS BCEX 30H CBAPHOTO COECAMHEHMS MPU YCTATOCTH. [103TOMY Ienhi0 JaHHOTO MCCIIEIOBAHMS SIBISIETCS ONPEAEICHIE XapaK-
TEPUCTUK YCTAJIOCTHOW NMPOYHOCTH CBApHBIX COCAMHEHMI M3 poccuiickoro aHanora craiu S690QL c ¢uxcamuell mapaMeTpoB aKyCTHYECKOMH
Y MarHUTHOM Ne()eKTOCKONUU Al UX MPUMEHEHHMS TIPH IMarHOCTHKE KOHCTPYKIMIT BO BpeMsi dKCILTyaTaluy. B kauecTBe 00beKTa MCClIeJOBaHUS
OBLIM B3ATHI 00pa3Lbl U3 OTEUECTBEHHOI cTaiy Kiacca MpoyHocTH X70. XUMHUECKUil COCTaB OMPEIENISIICS ¢ TIOMOIIBIO ONTHKO-3MHCCHOHHON
criekrpomerpuu. Iloaroroska numgoB s MUKPOCTPYKTYPHOIO aHalM3a IPOBOAMIIACH 10 CTAHAAPTHON METOJHMKE C TpaBJICHHEM B HHTAJE.
HMcnbiTanue Ha yCTanocTh NPOBOAMIOCH HA CHELUATN3MPOBAHHOM CTeH/e. [ akyCTHYECKHX U3MEPEHHI MPUMEHSIIN aKyCTUYECKUI KOMIUIEKC
AUC HPK-3, B kauecTBe MH(POPMATUBHOTO IapaMeTpa HCIONb30BANICS aKyCTHueckuil mapamerp D. J{isi OLEHKH MarHUTHBIX XapaKTEPUCTHK
UCTIONB30BaNICA KoopuuTUMETp MA-412MM. OueHuBaniuch OCTaTouHas HAMarHMYEHHOCTh B, kodpuuthBHas cwia H , ornoumenue H /B, .
Haumenbliiee KOIMYECTBO IUKIOB COOTBETCTBYET 30HE HAIIABICHHOTO MeTauia. CHIKEHNE aMIUTUTY/IbI TIOKA3aJ10 3HAaUMTeNbHBII pa30er B mose-
JICHUH MarepHalia B 3aBUCHMOCTH OT 30HBI coeinHeHus1. OHaKo KPUBBIE JUIS 30HBI TepMuueckoro BiausiHus (3TB) u auist HanmasieHHOTO MeTasuia
npakTuuecku cosnaznator. [lpu sTom 3TB B MeHblei cTeneny omyaeTcs OT OCHOBHOIO METaslIa, 4YeM 30Ha HaIUIaBJIeHHOro MeTasia. I'paduk
AKyCTHYECKOTO IapaMeTpa 1o CBOEMy BHUJLY SBJISETCSl 0OPATHBIM MO OTHOLIGHHIO K Tpa)Ky MArHUTHBIX XapakTepUCTUK. Tak, Uil aKyCTHYECKOTO
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laaxun A.A., Kabaadun I0.I" u dp. UcciegoBaHue MalONMKJI0OBOH YCTAJIOCTH 30H CBAPHOTO COeIMHEHUS CTaIH Kiacca mpodHoctu X70

napamMeTpa B 3aBUCUMOCTH OT Hapa60TKI/I HUMECTCS MUHUMYM, a JUIsI MArHUTHBIX XapaKTCPUCTUK — MAKCUMYM. Ho JJI 00oux Fpa(i)I/IKOB OKCTpe-

MYMOM SIBJISIETCSI TOUKa, COOTBETCTBYoMIast Hapabotke 0,6.

Kawueswle cno8a: YCTajloCTh, MAJIOLUKIIOBAs YCTaJIOCTh, CBAPHbIC COCAUHCHUS, aKyCTI/I‘IeCKI/Iﬁ napaMeTp, KOOpUUTHUBHAS CHUJla, OCTaTOYHAsI HaMarHu-

YEHHOCTb, YCTAIOCTh CBAPHBIX COCUHEHHH, Kiacc mpouHoctu X70

Jns yumuposanua: Tankun A.A., Kabangun 10.I%, Mopnosuna 10.C., AnocoB M.C. MccnenoBanne MaJOIUKIOBOH YCTaJOCTH 30H CBapHOTO
COEIMHEHUs CTalu Kiacca npounoct X70. HUzeecmus 6yzo6. Yepnas memannypeus. 2024;67(4):409-416.
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- INTRODUCTION

High-strength steel with a yield strength of 690 MPa
(X70 strength class) is widely used in the produc-
tion of earth-moving machinery, lifting machines, and
cranes [1]. These high-strength steels are often defined
as having a tensile strength of 1800 — 2000 MPa [2; 3].
However, in the same industries, steels referred to as
High Strength Steel (HSS) in foreign literature are
also used, with tensile strength starting from as low as
490 MPa [4; 5].

This class of steel was developed by combining alloy-
ing with controlled rolling technologies. It includes:
S700MC (standard EN 10149-2); S690Q, S690QL,
S690QL1 (standard EN 10025-6); QStE 690 TM (Ger-
many); Strenx 700MC (SSAB); E 690 D (France); A514
(AISI, USA). In Russia, analogous steels have been
developed under import substitution conditions.

One of the most important questions when choosing
steel for structures is its behavior under cyclic loads,
which lead to fatigue failure. Traditionally, low-cycle
and high-cycle fatigue are distinguished [6]. Recently,
the concepts of gigacycle and even teracycle fatigue
(hyperfatigue failure) have been introduced. These are
differentiated by the number of working cycles (N) pre-
ceding failure:

* low-cycle fatigue: N < 5-10% cycles;

* high-cycle fatigue: 5-10* < N < 10® cycles;

» gigacycle fatigue: N > 108 cycles [7; 8];

« teracycle fatigue: N=10'" ... 10'? cycles [9].

This study examines low-cycle fatigue (LCF) —
the fatigue of material where damage occurs under
elastoplastic deformation in a microvolume. The max-
imum durability before failure is approximately
N, =5-10* cycles [10]. Low-cycle failure in mechanical
engineering is most often associated with comparatively
rare but repetitive overloads. This type can be encoun-
tered in any branches of mechanical engineering but
is particularly frequent in aircraft engines, aerospace
industry, powertrains in the automotive industry, and
power plants [11; 12].

Mainly, fatigue resistance characteristics are deter-
mined for metal not subjected to welding, or only
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the behavior of a single joint zone is described [13 — 15].
Therefore, the issue of material behavior under fatigue
is more acute for welded joint zones, as such studies are
much less represented. It is even more challenging to find
information on new grades of materials due to difficulties
in obtaining metal for research.

It is well known that the least durable area of a welded
joint is either the heat-affected zone (HAZ) [16; 17] or
the deposited metal zone, which can differ significantly in
chemical composition from the base metal. Considering
that welding is a source of defects resulting from physi-
cal and structural changes, the fatigue strength of welded
joints is lower than that of the base material [18; 19].
It is noted that the weld seam under standard testing
methods is the most reliable part of the welded structure,
but it becomes the most vulnerable during fatigue test-
ing: characteristics decrease by up to 60 % compared
to unwelded metal [20].

Thus, the aim of this study is to determine the fatigue
strength characteristics of welded joints made of new
domestic steel (analogous to S690QL) while simulta-
neously recording the parameters of acoustic and mag-
netic flaw detection for the application of the obtained
values in further diagnostics of structures made from
the studied steel during operation.

[l MATERIALS AND METHODS

The study focuses on welded samples made from
domestic steel with of X70 strength class. The investi-
gated steel is an analogue of the European S690QL steel.
Its chemical composition and mechanical properties,
specified in the Technical Standard (TS), are presented
in Tables 1 and 2, respectively. For the butt weld, a filler
material of 1.2 mm ESAB ArisroRod 69 welding wire
was chosen (chemical composition), wt. %: C 0.089;
Cr 0.26; Mn 1.54; Mo 0.24; Ni 1.23; Si 0.53).

The actual chemical composition of the investigated
steel was determined using optical emission spectrometry
on an ARL 3460 spectrometer.

Preparation of samples for microstructural analysis
followed standard procedures (grinding with sandpaper
followed by polishing with felt) with etching in nital.
Microstructure images were captured using an Altami
MET 1C microscope.
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Table 1. Chemical composition of the studied steel (maximum content)

Tabauya 1. Mapo4YHbIii XHMHYECKHU COCTAB HCCJIEYeMOii CTaJIM (YKa3aHO MAKCHUMAJILHOE CO/IepsKaHNe)

test bench, shown in Fig. 1, a. The test bench includes
a fatigue strength testing setup, signal registration, and
processing equipment. Acoustic emission sensors were
mounted on the sample. The fatigue test sample configu-
ration is shown in Fig. 1, b.

Loading during testing followed a cantilever bend-
ing scheme (cycle asymmetry coefficient R=-1)
at a temperature of 20 °C, considering the requirements
of GOST 25.502—79. The frequency of elastoplastic
cyclic loading was set at 25 Hz. The loading amplitude
(0,,,) was calculated based on the loading scheme, sam-
ple dimensions, and material mechanical characteristics.

For acoustic measurements, the AIS NRK-3 acous-

tic system was used. The dimensionless parameter D,

referred to as the acoustic parameter, was employed as an

informative parameter in acoustic emission and is defined
by the formula

p-ata

G

where ¢, and c, are the propagation speeds of shear elas-
tic waves with polarization (direction of particle oscilla-
tion) along and across the sample axis, respectively; c; is
the propagation speed (delay) of the longitudinal elastic
wave [21; 22].

Magnetic characteristics were assessed using a mag-
netic metal analyzer — coercimeter MA-412MM. The
magnetic characteristics evaluated were residual magne-
tization B , coercive force H_, and H /B ratio.

[l RESULTS AND DISCUSSION

The chemical analysis showed that the obtained
result generally corresponds to the grade composition
of the steel (Table 3).

Fig. 2 shows the microstructures of the weld zones
of the investigated steel. The base metal consists of fine

Element C Si Mn P S Cr | Mo Ni Cu | Nb A% Al
Content, % 0.20 | 0.86 | 1.80 |0.018| 0.01 | 1.00 | 0.50 | 1.10 | 0.30 | 0.07 | 0.14 | 0.05
Table 2. Mechanical properties of the studied rolled steel
Tabauya 2. MexaHn4ecKUe CBOIICTBA NMPOKATA HCCIEIYeMbIX CTajeil
Plate Yield Tensile Eloneation. % Impact toughness,
thickness | strength, MPa | strength, MPa & 70 KCV ,, J/em?
<40 mm 80.0
690 770 — 940 14
>40 mm 37.5
Fatigue testing was conducted on a specialized Dewar vessel Cryogenic pipeline  Cryochamber

Fatigue test
bench

50+0.1

253

e

b

15 +0.05

Fig. 1. Fatigue test:
a — fatigue test bench;
b — diagram of a sample for fatigue test

Puc. 1. VcnibiTaHue Ha yCTAJIOCTh!
a — CTeH]| JUIsl UCTIBITaHUiT 00pa3LoB;
b — cxema ob6pasua [yt UCIIBITaHU i

10+0.1
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Table 3. Actual chemical composition of the steel of X70 strength class

Tabauya 3. ®akTHYECKHiT XHMHUYECKHUI COCTAB CTAJIH KJiacca mpoyHocTu X70

Element

C

Si

Mn

P

S

Cr

Mo

Ni

Cu

Nb

v

Al

Content, %

0.160

0.340

1.250

0.010

0.0006

0.280

0.220

0.030

0.050

0.020

0.003

0.040

grains of acicular ferrite with tempered sorbite inclu-
sions. The heat-affected zone contains well-defined grains
of ferrite with troostite-sorbite inclusions. The average
grain size was 35 um. The microstructure of the depos-
ited metal consists of spheroidized ferrite and pearlite

Fig. 2. Microstructure of butt welded joints:
a — deposited metal; b — heat affected zone; ¢ — base metal

Puc. 2. MUKPOCTPYKTypa CTBIKOBBIX CBAPHBIX COCAMHCHHIA:
a — HAIUIABJICHHBIN MeTaul; b — 30Ha TEPMHUYECKOTO BIUSIHUSL;
¢ — OCHOBHOM MeTasl1
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with sorbitic structures, and traces of bainite. The crystals
are oriented parallel to the heat flow.

LCF tests were also conducted on welded samples in
all three zones of the weld joint. The obtained data are
presented in Table 4 and shown in graphs in Fig. 3. Most
samples of S690QL steel (Russia) failed in the weld zone
during LCF testing. This could be due to the deposited
metal differing in chemical composition from the inves-
tigated steel, resulting in different mechanical properties
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Fig. 3. Wehler curves for S690QL steel (Russia)
depending on the tested welded joint zone:
a — absolute coordinates; b — logarithmic coordinates;
1 —base metal; 2 — HAZ; 3 — deposited metal

Puc. 3. Kpussie Benepa st cranu S690QL (Poccenst)
B 3aBUCHMOCTH OT MCIIBITAHHOMN 30HbI CBAPHOI'O COCIMHCHUSL:
a — abCOJIOTHBIC KOOPMHATBI;
b — norapudMuUYeCcKrue KOOPAUHATI;
1 — ocHoBHOI MeTan; 2 — 3TB; 3 — HanTaBIEHHBIN METaT
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Table 4. Results of low-cycle fatigue tests
of S690QL steel (Russia)

Tabauya 4. Pe3ynbTarsl HenbITaHui Ha MITY
craau S690QL (Poccusn)

Stress, MPa
Weldzone | 320 | 360 | 400 | 450 | 480 | 500
Number of cycles
Base metal | 59,000 | 28,560 | 12,200 | 3150 | 1200 | 500
HAZ 32,000 | 13,600 | 4900 | 1200 | 340 | 150
D‘iﬁzts;ied 30,000 | 12,500 | 4500 | 1000 | 350 | 120

compared to the base metal. Microstructural heterogene-
ity also contributes to this: the deposited metal shows
signs of a quenched structure, with oriented structural
components that reduce ductility and consequently lower
the energy threshold for fatigue crack propagation.

The tangent of the slope of the lines in Fig. 3, b
(-0.0918, —0.0813, —0.0802) corresponds to low-carbon,
low-alloy ferrite-pearlite class steels (e.g., 09G2S).

The comparison of fatigue resistance in the weld zones
of S690QL steel (Russia) shows the following results.

* The fatigue curves for all weld zones intersect only
in the high-stress region (around 500 MPa). However, this
appears so only due to the scale. In reality, at 500 MPa,
the number of cycles for the base metal is 230 % higher
than that for the HAZ and 320 % higher than that for
the deposited metal.

* Further reduction in amplitude shows a significant
divergence in material behavior depending on the weld

320

270 -

220 -

170 -

120

Percentage difference, %

70 I I I I I
320 350 380 410 440 470 500

Stress, MPa

Fig. 4. Percentage difference for welded joint zones
in comparison with the base metal:
1 —HAZ; 2 — deposited metal

Puc. 4. IIpouieHTHas: pa3HOCTH [UIsl 30H CBAPHOI'O COEIUHEHUS
B CPaBHEHUH C OCHOBHBIM METaJUIOM:
1 —3TB; 2 — HarU1aBJICHHBIA METAIUT

zone. However, the curves for the HAZ and deposited metal
almost coincide (both in absolute and logarithmic coordi-
nates). If the percentage difference between the fatigue
characteristics for the pairs “base metal — deposited
metal” and “base metal — heat-affected zone” is plot-
ted, the resulting graph is shown in Fig. 4. It is evident
that the HAZ differs less from the base metal compared
to the deposited metal. Additionally, the percentage dif-
ference for the deposited metal shows a nearly linear
trend compared to the HAZ. Clearly, the greater the stress
amplitude, the larger the percentage difference for both
zones.

For the study of ultrasonic parameter changes, addi-
tional fatigue tests were conducted with stress amplitudes
0f 300, 350, and 450 MPa. It was established that the most
informative is the pattern of changes in the acoustic
parameter D. The study of this parameter was conducted
up to the point of main crack formation. The obtained
dependencies of the acoustic parameter D on the sample’s
operating time N/N™ (the ratio of the number of cycles
corresponding to a given point to the number of cycles
recorded during tensile testing) at the investigated stress
amplitudes are shown in Fig. 5.

To determine changes in the magnetic characteris-
tics of the steel based on its operating time, one stress
amplitude — 350 MPa — was selected. The corresponding
dependencies are shown in Fig. 6.

The analysis of acoustic parameter changes (Fig. 5)
shows that for S690QL steel (Russia), a monotonous
decrease in parameter D is observed up to an operat-
ing time of 0.6 (except for the curve with an amplitude
of 450 MPa), followed by a slight increase before the for-
mation of the main crack.

0.912 4

0.911
¢
0.910
0.909
0.908

0.907

Acoustic parameter D

0.906

0.905 | | | |
0 0.2 0.4 0.6 0.8 1.0

Operating time N/N”
Fig. 5. Dependence of acoustic parameter D

on operating time (N/N™) for steel S690QL (Russia) at MPa:
1-300; 2—-350; 3-450

Puc. 5. 3aBECHMOCTb aKyCTHYECKOTrO rapamerpa D
ot Hapabotku (N/N™) mns cranu S690QL (Poccus), MIla:
1-300; 2—-350; 3-450
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Fig. 6. Dependence of magnetic characteristics
on operating time (NV/N ) for steel S690QL (Russia):
1-H:;2-H/B,

Puc. 6. 3aBUCMMOCTb MarHUTHBIX XapaKTEPUCTUK
ot Hapabotku (N/N*) mnst cramm S690QL (Poccwus):
I1-H;2-H/B,

Fig. 6 shows the dependencies of magnetic character-
istics during fatigue loading. Overall, the dependencies
of the coercive force H_ and its ratio to residual magneti-
zation (H _/B)) correlate with each other and with changes
in the acoustic parameter. This dependency remains prac-
tically unchanged with varying stress amplitudes. For
example, up to an operating time of 0.6, a monotonous
increase in magnetic characteristics is observed, followed
by a decrease to initial values in the stage before the for-
mation of the main crack.

A similar pattern of changes in acoustic and magnetic
parameters with comparable values was obtained for
09G2S steel [21], which can be explained by the chemi-
cal composition of the steels (both are low-carbon, low-
alloyed) and their structural class (ferrite-pearlite when
cooled in air).

- CONCLUSIONS

The conducted studies have shown that the weakest
point under fatigue for the steel of X70 strength class is
the deposited metal, due to the difference in chemical
composition between the welding wire and the base metal
(particularly in carbon content: up to 0.2 % for the steel,
and up to 0.089 % for the wire).

The behavior of the weld zones of the investigated steel
shows a consistent pattern; however, the fatigue resis-
tance of the deposited metal and the heat-affected zone is
significantly lower than that of the base metal. Notably,
the number of cycles during fatigue testing decreases
more significantly for the deposited metal. It is observed
that the greater the amplitude stresses, the higher the per-
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centage difference between the considered weld zone and
the base metal.

The dependencies of the acoustic parameter and mag-
netic characteristics (coercive force, and its ratio to resi-
dual magnetization) exhibited extremums at the point cor-
responding to 0.6 of the operating time on the respective
graphs, indicating the formation of a main crack. Thus,
the main stage of failure for the steel of X70 strength
class occurs when 60 % of the resource is expended.
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INFLUENCE OF INHOMOGENEITIES IN CHEMICAL COMPOSITION
AND POROSITY OF SINTERED STEEL ON DEVELOPMENT
OF MARTENSITIC TRANSFORMATION

V. N. Pustovoit, Yu. V. Dolgachev®, M. S. Egorov, Yu. M. Vernigorov

| Don State Technical University (1 Gagarina Sqr., Rostov-on-Don 344002, Russian Federation)

&) yuridol@mail.ru

Abstract. The article is devoted to the study of martensitic transformation in porous sintered steels. When analyzing the process of development
of martensitic transformation in porous sintered steel, the influence of two factors was assessed: depletion of carbon in the near-surface layers
of pores and a change in the energy balance due to relaxation of transformation stresses on free surfaces of the pores. The martensitic trans-
formation was studied in porous steel with a carbon content of 1.56 wt. % obtained after pressing and sintering of a mixture of PZhRV iron
powders and GK-3 graphite in hydrogen atmosphere at 1200 °C. Gas carburizing at 1100 °C and homogenization helped to achieve the specified
carbon content. The samples were quenched in a sodium chloride solution at a temperature of 27 °C. Pre-cooling was used from temperatures
A, 1o 800 °C at a rate of 62 °C/s. X-ray microanalysis of carbon distribution was carried out using the installation CAMECA Microsonde
M.S. 46 with a probe diameter of two microns. The martensite plates predominantly formed on the pores’ surfaces and their cross section had
shape close to rhomboidal. The data obtained on the morphology of a'-phase crystals growing from pores and the study by X-ray spectral micro-
analysis of carbon distribution along the largest martensite plates convince us of the absence of any significant changes in carbon content and,
as a consequence, their influence on development of martensitic transformation in the area of pores is not the leader. For sintered porous steels,
an irremovable factor in the increase in temperature is the presence of porosity, in contrast to a removable factor — inhomogeneity of the chemical
composition, which is caused by incompleteness of the alloy homogenization processes, both during sintering and during the austenitization
process that precedes quenching.

Keywords: martensite, sintered steel, pores, free surface, quenching, stress relaxation
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BAUAHUE HEOQHOPOAHOCTEN XMMUYECKOTO COCTABA
M NOPUCTOCTU CNEYEHHOW CTANMU
HA PASBUTUE MAPTEHCUTHOIO NPEBPALUEHUA

B. H. IycroBoiir, 10. B. losrayeB ©, M. C. Eropos, 0. M. BepHuropos
| douckoii rocynaperBeHHblil Texundeckuii ynusepeuter (Poccus, 344003, Poctos-na-/lony, mr. ['arapuna, 1)

&) yuridol@mail.ru

AHHOmMayus. ABTOPEI UCCIIEIOBAIN MAPTEHCUTHOE IPEBPAIllCHIE B IOPUCTHIX CIICYEHHBIX cTalaX. [Ipy aHamu3e mpouecca pa3BUTHSA MapTEHCHT-
HOTO NpEBpAlleHUs YYTEHO BIMAHUE JBYX (HAKTOPOB: 00eIHEHME YITIEPOJOM IPUIIOBEPXHOCTHBIX CIOEB IHOP; M3MEHEHHE DHEPreTHYEeCKOro
GayaHca 3a CUeT pelaKCalluy HAIPSDKEHUI IPeBPAIeHUs Ha CBOOOIHBIX OBEPXHOCTIX Hop. VccnenoBanus IpoBOJMINCE HAa 00pa3Iax IOpH-
CTBIX CTaseil ¢ cofepxkanueM yruepona 1,56 mMac. %, ModyueHHBIX [OC/IE IPECCOBAHUS U CIleKaHHs B arMocdepe BOA0po/a NpH TeMIeparype
1200 °C cmecu nopomnixos xene3a IDKPB u rpadura I'K-3. IIpoBoaunacs Taxxke razosas HeMeHTanus mpu Temmeparype 1100 °C u romore-
HM3allUs, MO3BOJISAIONAs JOCTUTHYTh YKa3aHHOTO COZEp)KaHHUs yriepozaa. 3akajika oOpa3loB IPOXOAMIA B PacTBOPE IOBAPEHHOH conu mpu
temneparype 27 °C. [IpuMmeHsIoch IpeiBapuTeNbHOE NOJACTykuBaHue ¢ Temneparyp A_ 10 800 °C co ckopoctbio 62 °C/c. Pentrenocrnek-
TpaJIbHBI MUKpOAHAIU3 pacrpeesieHus yriepoaa BeinonHscs Ha yctaHoBke CAMECA. Microsonde M.S. 46 npu auamerpe 30HIa 2 MKM.
OOHapyXeHO IIPEHMYIECTBEHHOE 00pa30BaHKe IIACTUH MapTEHCHTa Ha MOBEPXHOCTSX IIOp, a TakKe OIHM3Kas K poMOounanbHOU opma Ux
nornepeyHoro ceyenus. IloayueHHble 1aHHBIE 0 MOP(OIOTHH KPUCTAILIOB 0/-(a3bl, pacTyIIUX OT II0P, U UCCIE0BAHUSA METOJIOM PEHTI€HOCIEK-
TPaJIbHOTO MUKPOAHAIIHN3a paclpeeleHns yIIepoaa BIOoMIb Hanboaee KPYIHBIX IIACTHH MapTEHCUTA IOATBEPIKIAI0T OTCYTCTBHE KAaKUX-IHO0
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CYHICCTBEHHBIX M3MEHCHUH KOHICHTpalUH yrjiiepoaa. Kak CJICICTBUC, UX BJIMAHUE HA PA3BUTUEC MAPTCHCUTHOTI'O ITPEBPAILICHNSA B paﬁOHe Iop HE
SIBJISICTCST BEAYIIUM. Z[.]'IS[ CIICYCHHBIX MMOPUCTBIX cranen HCYyCTpaHUMbIM (baKTOpOM TIOBBIIICHUS TEMIICPATYPhI SABIACTCS HAJIUIUEC ITIOPUCTOCTU
B OTIIMYHE OT YCTPAHUMOTI'O (baKTOpa HCOAHOPOAHOCTH XUMHYECKOI'0 coCTaBa, KOTOopas 06ycn013neHa HETIOJHOTOM IpoHeCcCcOB roMOreHmu3annu
CIlIaBa Kak IIPpH CIICKAHUH, TaK U B IIPOLECCC ayCTCHUTU3AllUH, Hpe;[meCTBy}omeﬁ 3aKalIke.

Kawueswle cao8a: MapTEHCHUT, CIICYCHHAs1 CTaJlb, IIOPHI, CBO60I[HaSI TIOBEPXHOCTD, 3aKaJIKa, pelaKkcanus HaHpSDKeHI/Iﬁ

JAaa yumuposanus: Ilycrosoiir B.H., Jlonraues 0.B., Eropos M.C., Bepuuropos FO.M. BnusHue HEOIHOPOIHOCTEH XMMHUYECKOTO COCTaBa
Y TIOPUCTOCTH CIICYCHHOM CTalH Ha Pa3BUTHE MAPTEHCUTHOTO MpeBpatleHus. Mzeecmus 6y308. Yepnas memannypeus. 2024;67(4):417-423.

https://doi.org/10.17073/0368-0797-2024-4-417-423

- INTRODUCTION

The characteristics of martensitic transformation in
porous sintered steels have been studied in considerable
detail [1 — 3]. For sintered steels, an increase in the M_
point (martensite start temperature) is characteristic as
porosity (the ratio of pore volume to the total volume
of the product) increases. This phenomenon is gene-
rally explained by the reduction in resistance to plas-
tic deformation in the y-phase, which is characteris-
tic of martensitic transformation [1; 4; 5]. However,
the nucleation of martensite occurs in regions with
significantly smaller diameters than those of the pores
and the distances between them, so considering the pro-
perties of steels with normal density allows for a more
precise understanding of nucleation processes. Additio-
nally, the influence of the free surface on the nucleation
of martensite needs to be studied. Thus, elastic interac-
tions between martensite crystals and the free surfaces
of pores can play a decisive role in the development
of the martensitic reaction in sintered steels. Another
potential reason for the increase in the M_ point could be
segregation factors, which often occur in sintered steel
due to segregation processes and incomplete solubility
between components [1; 6 — 8]. The factor of decarburi-
zation, leading to a shift in the M_point due to the forma-
tion of carbides along pore boundaries (near the surface)
during quenching, cannot be excluded. A similar effect
has been observed during the precipitation of cemen-
tite and other carbides at grain boundaries. In stu-
dies [9; 10], carbide precipitation was associated with
grain boundary segregation processes of sulfur, which
induces carbon mobility. In porous sintered steel, con-
centrations of S and P are < 0.05 % and O, is < 0.25 %,
so segregation processes at various types of boundaries
are also possible. The studies [11; 12] considered mar-
tensitic transformation that can be initiated by carbide
precipitates during the aging of high-alloy austenitic
steels. These processes also need to be examined for
porous sintered steels.

In this study, we examined the martensitic transfor-
mation in sintered steels, considering the potential for
carbon depletion in areas near the surface of the porous
material and alterations in the energy balance resulting
from relaxation processes occurring at the pores.
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[ RESEARCH METHODOLOGY

The potential influence of chemical composition inho-
mogeneities near the pores on the y — o transformation
was evaluated in experiments with samples obtained
by sintering PZhRV iron and GK-3 graphite powders.
The pressing and sintering were conducted in a hydrogen
atmosphere at a temperature of 1200 °C for half an hour,
resulting in a carbon concentration of 1.25 %, which was
subsequently increased to 1.56 % during the carburizing
process at 1100 °C and homogenization annealing.

Quenching was performed in an aqueous NaCl solu-
tion at a temperature of 27 °C. Pre-cooling was also
applied before quenching, reducing the temperature from
above the SE line to 800 °C at a rate of approximately
62 °C/s.

The carbon distribution was analyzed using X-ray
microanalysis with a CAMECA Microsonde M.S. 46 sys-
tem with a probe radius of 2 pm.

[ RESULTS AND DISCUSSION

Microstructural analysis revealed that martensite
crystals predominantly formed at the surfaces of pores,
with the crystals exhibiting a near-rhomboidal shape
(Fig. 1, a, b). Twinned crystals ranging in size from 40
to 60 um were also observed (Fig. 1, ¢).

Cooling down induced the precipitation of Fe,C
at grain boundaries, as well as within the y-matrix. Con-
sequently, the subsequent quenching led to the forma-
tion of martensite in carbon-depleted austenitic regions
adjacent to cementite plates, characterized by a mixed
crystal morphology with a predominant lath structure
(Fig. 2, a, b). In microvolumes of austenite free from
cementite precipitates, twinned martensite was observed
(Fig. 2, b). Near the carbide formations, regions of low-
carbon o'-phase with various morphological types,
approximately 3 um in size, were found (Fig. 2, b). De-
carburization near the Fe,C plates was detected, as con-
firmed by X-ray microanalysis (Fig. 3). The thicknesses
of the decarburized layer near Fe,C, determined by both
X-ray microanalysis and microstructural analysis, were
consistent.

In cases where the y — o' transition at the pore edge
is initiated by decarburization, this should be distinctly
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Fig. 1. Microstructure of sintered Fe — 1.56 % C steel after quenching:
a — ¢ — various sections of the microsection

Puc. 1. Muxpoctpykrypa crieueHoit Fe — 1,56 % C cranu nocne 3akaiku:
a — ¢ — pa3IM4HbIe YYaCTKU MUKpOIUTHha

Fig. 2. Structure of porous Fe — 1.57 % C steel with carbides released during cooling-down:
a, b — various sections of the microsection

Puc. 2. Crpyxrypa nopucroit Fe — 1,57 % C cranu ¢ BblAelICHUsIMU KapOUJIOB IIPU MOACTYKUBAHHU:
a, b — paznu4HbIe Y4acTKH MUKpoLLTHda

observable in microstructural analysis. However, the mor-
phological analysis of martensite crystals formed from
the pore, along with the results from X-ray microanalysis
of carbon concentration near the largest a'-phase crystals

1 Y 1 a' 1 e 1 a' ] Y |
I 1 T 1 1 1
1 y 1 a’ Iel a’ 1 Y |
|1 1 T I |
S
%
1 Y 1 a’ 1 9 1 a' 1 Y |
W
| | | | | | | | |

4 6 8 10 12 14 16 18 20 22 24

/, pm
Fig. 3. Results of microanalysis (intensity of K -radiation C)

in the perpendicular direction from Fe,C precipitates:
Y — austenite regions; o’ — martensite edges; 6 — cementite regions

Puc. 3. Pe3ynprarel Mukpoananusa (uarencuBHocTH K -nsinyuenus C)
B [IEPIICHANKYIIPHOM HAlpPaBlIeHUH OT Bblaesnenuii Fe,C:
Y — YUaCTKH ayCTEHHTa; o' — OTOPOUKH MAPTEHCUTA;
0 — y4acTKH [IeMeHTHUTa

(Fig. 1, ¢), did not reveal significant differences in carbon
content. Consequently, their influence on the y — o' tran-
sition process in the pore region appears to be negligible.

The influence of porosity on the transformation
during quenching was theoretically analyzed, taking
into account the potential for stress relaxation at the free
surface of the pores, which occurs during transformation.
It was assumed that, in the case of heterogeneous nuclea-
tion, part of the free energy associated with interactions
between martensite and defects remains unchanged in
the pore region and between the pores. It was considered
that nucleation from the pore edge would occur if the other
components of free energy necessary for homogeneous
nucleation at the pores and between them were identical.
Additionally, it was assumed that the form of the energy
function for both cases remains constant. Thus, the free
energy values were equated for homogeneous nucleation
at the pores and between them when the nucleus reached
the critical radius 7.

The martensite crystal was modeled as a flat nucleus
with elliptical, rectangular, and rhomboidal shapes
(Fig. 4). Shear deformation was modeled using con-
tinuously distributed dislocations [13 — 15]. The elastic
shear energy during nucleation can be determined as fol-
lows [16]:

—0

1
E| :Ezijsibicx,y(x,Yi)dSp M
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where b, is the Burgers vector of the i-th dislocation

loop; G,y is the shear stress induced by the dislocation

ensemble; Y, is the ordinate of the i-th loop plane; S, is

the cross-sectional area of the plate in the i-th loop plane.
Then,

—0 —j

Gry =Y Gxy; (2)
= __ uh
o ) = i)
(x+5)“x+gf—(y—nf}
2 272 -
[(sz) +(y-1)) } (3)

(=) (s=1) = (=1 ]
(=1) 4 (-1) |

where p is the shear modulus; v is Poisson’s ratio;
lj is the absolute value of the j-th loop abscissa;

|Y j+1| Yo Y, 1s thze macroscopic shear along
the x-axis (assuming y < v, dilation is not considered).

In the case of growth from a pore (Fig.4,b)
of a nucleus with the same cross-sectional area, the elas-
tic energy is determined by similar dependencies:

y
ll ll
e L —— T
3| === A
i S —T
A — ,.,/"”/?:_ ~f X
2r
a
y
—_— —
S
f""\l\ —_——
I (4 x

Fig. 4. Representation of the cross-section of martensite nuclei
ofellipsoidal, rectangular and rhomboidal shapes:
a — continuously located dislocations in a continuous medium;
b — in the case of formation from a free surface

Puc. 4. IlpencraBneHue MONepeIHOro CeUeHUs
3apobIIIel MAPTEHCUTA IIUIITUYECKOM,
MIPSIMOYTOJIbHOM U POMOOBHIHON (opMm:

@ — HETIPEPBIBHO PaCIOIOKECHHBIC JMCIIOKAIUK B CIUIOIIHOM Cpese;
b — B ciy4ae 00pa3oBaHusi OT CBOOOIHOM MOBEPXHOCTH
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E, :EZJS] b,Guxy(x
ny—zﬁxy"‘ﬁxy (5

Based on the _d+ata from [17], it is possible to cal-
culate the value oy, which determines the relaxation
of transformation stresses at the pore edge, and subse-
quently compute the values of E,(c) and E,(c), where
¢ = a/r (with a and r being the half-thickness and radius
of the martensite crystal, as shown in Fig. 4). The resul-

Eile)
v

ting dependencies, recalculated per unit volume as

E(c
and 2; ), are illustrated in Fig. 5. It becomes evident

that the shape of the nucleus does not significantly
impact the obtained data, although the elastic energy dur-
ing nucleation from a pore decreases more markedly in
the case of a rhomboidal cross-section (Fig. 5, curve 7).
Experimentally, such rhomboidal-shaped plates growing
from pores have been observed (Fig. 1). Therefore, all
subsequent relationships refer to a plate with a rhomboi-
dal cross-section.

Within the range of 0.1 < ¢ < 0.4 the curves
E,(c)
V
are described by linear equations of the form

Ei(c)
vV

and assuming ¢, < 1 with an accuracy of € <35 %,

0.5 0.85
2
04 - 340.80
= 0.3+ / A 0.75
| Nj;< .ﬁs /%:
= | > -~ L —
R Ss //< 3 SS ]
— -
3‘ < <
N 0.2 - / - - 0.70
/ L
/ N 2/1
/ >
NN
// 3///\\\\\
0.1 1" . ~q065
7 I 0]
/--"" ™
N
1 1 1 060
0 0.1 0.2 0.3 0.4
c
Fig. 5. Dependencies M, Eyc) and E© for plates
v Ey(c)

with a rhomboidal (curves 1, 1', 1"); rectangle (curves 2, 2', 2");
ellipse (curves 3, 3', 3") cross sections

Puc. 5. 3aBucumMocTtn El(c), Exle) E(C
V Ez(C)

C IONEePeuHbIM ceueHueM B popme pombda (kpusbie /, 1', 1");
npsiMoyroiibHUKa (Kpusskie 2, 2', 2"); smnunca (kpusbie 3, 3', 3")
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2
Ee) s (1.188¢+0.03) 1/m, J/m*;  (6)
vV n(l-v)

2
5O _ W (07460 +0.019) 1/m, Jm’.  (7)
14 n(l—v)

Using the traditional approach [18], the value
of the “classical” nucleation barrier can be determined
as follows:

2 41
F* _ 2 o A .
27 (Afoc—>y . A*)
_dE(e)/V (8)
de

4 :[E(C)j_A'-
Vv

From equation (8), the M_ point for nucleation
at the pore surface (denoted as 7, in this context) can be
derived if 7 is known — the M_ temperature during mar-
tensite formation within the austenite volume between
pores:

bl

A!

AT = Jj: (A=) - 4)+ 4, ©9)
2

where 4 and 4 correspond 4; and 4,, respectively,
in the case of nucleation within the austenite volume
between the pores (index 1) and at the free surface
of the pores (index 2).

For the values p=8-10""N/m?* v=0.23; y =0.18;
6 =0.2 N/m% Af“~*(T,)=1.75-10% J/m? [18] for steels
with a carbon concentration of 0.4 — 1.2 %, the increase
in T, over T is approximately 75 K.

The following conclusions can be drawn from these
results:

1. Stress relaxation at the pore surface (Fig.5) is
minimal compared to the scenario where the crystal is

Fig. 6. Arrangement of two-dimensional plate at angle o
to the pores’ free surface

Puc. 6. Pacnionoxenue AByMEPHOH MIACTHHBI 110 YTIIOM o
K CBOOO/THOI MOBEPXHOCTH TIOP

inclined relative to the surface (Fig. 6), where the mar-
tensite start temperature would be even higher. The poten-
tial increase in the M_ point depends on the angle o
(Fig. 6), with the maximum being the equilibrium tem-
perature of the transforming phases. As the angle var-
ies from 90 to 0°, the number of habit planes changes
by a factor of sina. In the case of a spherical pore, any
angle may be equally probable; thus, as a decreases,
the probability of nucleation from the pore diminishes
according to the sina function. The modeling results
show good agreement with experimental data: in steels
with a carbon concentration of 0.4 — 1.2 % and a porosity
of approximately 30 %, the M_ point increases by about
100 °C [2; 19].

2. As observed from equation (9), the increase in
T, over T, for Fe — 0.4+ 1.2 % C steels is independent
of alloy composition, which is also experimentally con-
firmed [2; 20].

3. The well-known linear dependence of the M_ tem-
perature of sintered steels on porosity can be attributed
to the approximately linear increase in the specific free
surface area of the material. The accuracy of experimen-
tal determination of the M_ temperature allows it to be
fixed only when more than 1 % of the o'-phase volume
fraction appears, thereby clearly illustrating the depen-
dence of M_ on porosity.

4. Experimental data indicate that for crystals formed
at an angle of 90° from the pore, the maximum ratio
of half-thickness to radius was ¢ < 0.23. Theoretically,
the maximum value is 0.25.

- CONCLUSIONS

The calculation results indicate that martensite crys-
tals oriented at a 90° angle to the pore have the highest
probability of nucleation, with the ratio of their half-
thickness to radius approaching the maximum pos-
sible value. It has been demonstrated that the difference
in the martensite start temperature between nucleation
at the pore surface and nucleation between pores is inde-
pendent of the alloy composition. The well-known linear
dependence of the martensite start temperature on poro-
sity is determined by the increase in the specific free sur-
face area. Therefore, in sintered porous steels, porosity
is an unavoidable factor that raises the M_ temperature.
Segregation effects, which arise due to incomplete homo-
genization during sintering or during austenitization prior
to quenching, can be excluded.
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PHYSICS OF HARDENING OF THE ROLLING SURFACE
OF RAIL HEAD FROM HYPEREUTECTOID STEEL AFTER OPERATION

N. A. Popoval, V. E. Gromov? S, A. B. Yur’ev?,

E. A. Martusevich?, M. A. Porfir’ev?

! Tomsk State University of Architecture and Building (2 Solyanaya Sqr., Tomsk 634003, Russian Federation)
2Siberian State Industrial University (42 Kirova Str., Novokuznetsk, Kemerovo Region — Kuzbass 654007, Russian Federation)

&3 gromov@physics.sibsiu.ru

Abstract. In Russia, with its extensive railway system, for more than 5 years, special-purpose rails of increased wear resistance and contact endurance
of the DH400RK category were produced from steel with a carbon content >0.8 %. On the head rolling surface of differentially hardened long
rails made of hypereutectoid steel after long-term operation, transmission electron microscopy methods revealed the morphological components
of the structure: lamellar pearlite, fragmented pearlite, destroyed lamellar pearlite, globular pearlite, completely destroyed pearlite, subgrain structure.
The contribution of hardening due to: lattice friction, solid solution hardening, pearlite hardening, incoherent cementite particles, grain boundaries and
subboundaries, dislocation substructure and internal stress fields were quantified. A hierarchy of these mechanisms was made and it was noted that
for the fillet surface of the rail head, the main hardening mechanism is hardening by incoherent particles, as well as mechanisms caused by internal
long-range (local) stresses, internal shear stresses (“forests” of dislocations) and substructural hardening. For the rolling surface along the central axis
of the rail head, the main role in hardening belongs to long-range stress fields (especially its elastic component), hardening by incoherent particles and
substructural hardening. Taking into account the volume fractions of the morphological components and their yield strength, the additive yield strength
on the head rolling surface in the center and on the fillet was determined: 7950 and 2218 MPa, respectively. The paper presents a physical interpretation
of the difference in values of the additive yield strength on the rolling surface of the rail head in the center and on the fillet.

Keywords: rolling surface, rails, fillet, hardening mechanisms, additive yield strength, hypereutectoid steel
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AnHomayus. B Poccun ¢ ee IpOTsHKEHHOI CETHIO JKEJIE3HBIX JOPOT OoJIee MATH JIET MPOU3BOIATCS PEIbCHI CIICIIMAIBHOTO HA3HAUYCHHUS TIOBBIIICHHON
N3HOCOCTOMKOCTH M KOHTAKTHOM BhIHOCIMBOCTH Kareropuu JIT400MK u3 cranu ¢ conepxkanuem yriepoaa 6onee 0,8 %. Ha noBepxHocT karanus
roJI0BKH An(hepeHIPOBAHHO 3aKAICHHbIX [JUIMHHOMEPHBIX PEIbCOB U3 3a9BTEKTOMTHOW CTAJIH MTOCIIE JUTUTEIBHOM IKCIUTYaTali (IPOITYIeHHbIH
TOHHaX 187 MIIH T OpyTTO Ha SKCMEPUMEHTAILHOM KOJBIE) METOAMH TPOCBEYMBAIOIICH ANIEKTPOHHON MHKPOCKOITHH BBISBICHBI MOP(OIOTH-
YECKHE COCTABIISIONINE CTPYKTYPBI: IUIACTHHYATBIN MEPIUT, HparMeHTUPOBAHHbIN MEPIIHT, pa3pyIICHHbIH MIACTHHYATBIN EPIUT, II00YIISIPHbIH
MEPIIUT, MOJHOCTBIO Pa3pyIISHHbIH MepIuT, cyO3epenHas cTpykrypa. [IpoBeena konudyecTBeHHas OLEHKA BKJIA0B YIIPOUYHEHHsI, 00yCIIOBICHHBIX
TPEHUEM KPUCTAUIMYECKON PEIIETKH, TBEPIOPACTBOPHBIM YIIPOUHEHUEM, YIIPOUHEHUEM 3a CUET [EPIINTA, YIPOUHCHHEM HEKOT€PEHTHBIMHU YaCTH-
LAMH LIEMEHTHTA, TPAHUI[AMH 3€PeH M CyOrpaHHMIaMH, AUCIOKALMOHHONW CyOCTPYKTYPO M BHYTPEHHHMH IOJISIMH HANpPsHKEHUI. YCTaHOBIEHA
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UepapXxusi ITUX MEXaHH3MOB M OTMEUEHO, UTO JUIsl HOBEPXHOCTH CKPYIIEHHs (BBIKPYKKH) TOJIOBKH PEIECOB OCHOBHBIM MEXaHM3MOM YHPOUHEHHS
ABIIIETCS YIPOUHEHHE HEKOTEPCHTHBIMH YaCTULIAMH, a TAKXKE MEXaHHU3MBI, 00YCIOBICHHbIC BHY TPCHHUMH JAIbHOICHCTBYIOINMU (JIOKAIbHBIMH)
HANPSDKEHUSAMH, BHYTPEHHUMH HANPSDKEHUSAMHU C/IBUTa («Ieca» JUCIOKALMI) U CyOCTPYKTYpHBIM yIpouHeHHeM. [lis MOBEpXHOCTH KaTaHHs 10
LEHTPAIBHOI OCH TOJOBKH PENIbCOB OCHOBHAS POJb B YHPOYHCHHU NPUHAICKUT YIPOYHCHHIO NaIbHOACHCTBYIOIMMH IIOIAMU HAIPSDKCHUH
(0co0OeHHO ee ynpyroi KOMIIOHEHTOH), YIIPOUHEHUIO HEKOTEPEHTHBIMU YaCTHULIAMU U CyOCTPYKTYpHOMY yrpodHeHut0. C yueToM 00beMHBIX JoeH
MOP(OTOTHIECKUX COCTABILIIONMINX U UX Hpefena TeKydeCTH ONpeieieH aJIUTHBHEIN Ipeiel TeKy4eCcTH Ha IOBEPXHOCTU KaTaHHA [0 HEHTPY
TOJIOBKH U BBIKpYxkke. OH coctaBui 7950 u 2218 MIla juis neHTpa rojoBkH U BeIKpyxkH. [Ipencrasiena ¢pusnueckas MHTEpIpeTanus pa3inaus
3HAYCHHH aJIUTHBHOTO Ipe/iella TeKyIeCTH Ha IOBEPXHOCTH KaTaHUs TOJIOBKU PENIbCOB B IIEHTPE U Ha BBIKPYXKKE.

Kawuessle cioea: TIOBEPXHOCTD KaTaHUs, PCJIbChI, BBIKPYIKKA, MEXaHU3MbI YIIPOUHCHUS, aIIL[I/ITI/IBHHﬁ TIpeaeil TEKy4CeCTH, 3a3BTCKTON/IHAs CTAJIb

BbaazodapHocmu: Pabora BBINIONIHEHA B paMKaX TOCYIAapCTBEHHOTO 3aaHusi MUHKHCTEpCTBA HayKu M BICIIEro oOpasoBanus Poccuiickoit denepaiyn
(rema Ne FEMN-2023-0003). ABrops! Beipaxator Onarogapaocts E.B. TloneBomy 3a mpemocrasienusie 00pasipl, W.10. JIuToBueHko 3a momoruib

B niposeeHuy [I9M-unccnenoanuii.

Jaa yumuposanus: Ilonosa H.A., I'pomos B.E., IOpses A.b., Maprycesuu E.A., [ToppupseB M.A. dusnka yrnpouHeHHs TOBEPXHOCTU KaTaHUS
TOJIOBKH PEJIbCOB M3 3a9BTEKTOM/IHOM CTAH MOCIE SKCIUTyatanun. Mzeecmus 8y306. Yepras memannypeus. 2024;,67(4):424-432.
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- INTRODUCTION

Rails are predominantly removed from service due
to contact fatigue damage and surface wear [1; 2]. In
recent years, with increasing railway traffic speeds and
axle loads, the operational durability requirements for
rails have become more demanding [3 — 5]. From both
practical and fundamental perspectives, the development
of special-purpose rails with enhanced performance cha-
racteristics is of significant importance [6 — 8]. In Rus-
sia, home to one of the world’s longest railway networks,
this challenge has been addressed since 2018 through
the production of long, differentially hardened rails with
improved wear resistance and contact fatigue strength,
classified as DT400IK [9]. These rails are manufactured
from steel containing more than 0.8 wt. % carbon, which
ensures the formation of a subgrain structure with a high
density of low-angle boundaries in the surface layer.
Modern physical materials science techniques, particu-
larly transmission electron microscopy [10— 12], are
employed to monitor changes in structure, phase com-
position, and defect substructure that lead to the degra-
dation of mechanical properties [13 —15]. Improving
the technology for special-purpose rail production and
ensuring high-performance properties requires a deep
understanding of the physical nature and evolution
trends of the structural-phase states and fine substruc-
ture in the surface layers of rails [16 — 18]. Such data
are crucial for reliably achieving the target of transport-
ing up to 2 billion tons [19 — 21]. Analysis conducted on
rails made of hypoeutectoid steel with carbon content
below 0.8 wt. % — as presented in [22 — 25] — has enabled
the quantification of physical hardening mechanisms,
the establishment of their hierarchy, and the determina-
tion of overall yield strength. However, there is a notable
lack of studies focused on rails made of hypereutectoid
steel.

The objective of this study is to compare the defor-
mation hardening mechanisms of the rolling surface and

fillet of special-purpose DH400RK rails after they have
been in operation on the Russian Railways (RZD) test
circuit at Scherbinka, following a tonnage of 187 million
tons (gross).

[l MATERIALS AND METHODS

The internal structure and phase composition were
studied on samples of differentially hardened DH400RK
category rails, made from E0.9C-Cr—N—V-Fe grade steel
produced by EVRAZ ZSMK, after they had undergone
a tonnage of 187 million tons (gross) at the Russian
Railways (RZD) test circuit. The chemical composition
of E9OHAF rail steel, according to GOST 5185 — 2013
and TS 24.10.75111-298-057576.2017, included the fol-
lowing main elements, wt. %: 0.92 C, 0.4 Si, 1.0 Mn,
0.3 Cr, 0.14V, with iron as the base. The mechanical
properties are as follows: yield strength — over 900 MPa,
tensile strength — 1350 MPa. relative elongation — 9.0 %,
relative reduction — 18 %, impact toughness — 15 J/cm?,
and hardness on the rolling surface of the rail head —
400 — 450 HB.

The rolling surface and fillet of the rail head were
investigated (Fig. 1) using transmission electron micro-
scopy (TEM) on thin foils with a JEM-2100 electron
microscope (Jeol, Japan) [26 — 28].

To evaluate the hardening mechanisms that contri-
bute to the yield strength in the studied steel, each sam-
ple was analyzed for structural morphological features,
phase composition, and fine structure parameters, includ-
ing the volume fractions of morphological constituents
P . The localization of the carbide phase (cementite)
was identified, and for each specific location, the shape,
size (d), particle spacing (r), and volume fraction ()
of the particles were determined. In each morphological
component, as well as in the material as a whole, the sca-
lar p and excessive p, dislocation densities were calcu-
lated, along with the amplitudes of internal stresses gen-
erated by them — namely, shear stresses (o, or “forests”
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Fig. 1. Schematic representation of a rail sample after passing
a tonnage of 187 million tons, indicating the places used
to study the structure:

I —rolling surfaces and rounding of the rail head (fillet)

Puc. 1. Cxemarnueckoe n3o0paskeHue odpasia peibca
IOCIIe IPOMYIIEHHOTO TOHHAXa 187 MIIH T ¢ yKa3aHHEM MECT,
HCIIOJIB30BaHHBIX [UISl UCCIIE/IOBAHUS CTPYKTYPBI:
1 — IOBEPXHOCTH KaTaHUA U CKPYIJICHHS TOIOBKH PEIbCa (BBIKPYKKH)

of dislocations) and long-range stresses (o,), which arise
in regions with an excess dislocation density. All quan-
titative parameters of the fine structure were measured
within each morphological component and statistically
processed, with the mean values presented in Table 1
(where D, represents the fragment or subgrain size;

%> Xy and y, represent the curvature-torsion amplitude
of the crystal lattice and its plastic and elastic compo-
nents, respectively; o' and o are the amplitudes of inter-
nal long-range stresses and their plastic and elastic com-
ponents.

The technique for determining these quantitative
parameters is detailed in [9; 29].

[ RESULTS AND DISCUSSION

The studies have shown that regardless of the location
on the rail head surface (Fig. 1) the following morpholo-
gical components are observed in the structure: lamellar
(ideal) pearlite with parallel alternating lamellae of fer-
rite and cementite; fragmented lamellar pearlite, in which
dislocation walls across the di-rection of a-phase plates
are formed; destroyed lamellar perlite with bent, cut
and crushed Fe,C lamellae; globular pearlite in the form
of grains with globular Fe,C particles, subgrain struc-
ture — small equiaxed fragments with cementite particles
along the boundaries and in the junctions. The images
of these morphological components are consistent with
those observed for rails made of hypoeutectoid steel, as
shown in [1].

A different type of structure was identified on the fillet
surface —a completely destroyed structure. This structure,
characterized by completely destroyed pearlite colonies,

Table 1. Quantitative parameters of the structure of hypereutectoid rail steel
on the rounding surface of the rail head (fillet)

Tabauya 1. KoanyecTBeHHbIE TAPaMeTPhI CTPYKTYPbI 329BTEKTOM/THOI PesibCOBOM CTAIN
HA MOBEPXHOCTH CKPYIJIEHHS TOJIOBKH pesibca (BBIKPYKKH)

Perlite Destroyed Subgrain
Parameters -
ideal fragmented destroyed globular structure structure
P, % 5 20 10 3 60 2
D,,nm - 80x125 - - - 90
p 10710 cm? 6.5 43 4.5 3.0 6.6 1.4
6;, MPa 510 415 425 345 515 235
L= %y + Ays c” 765+ 0 1075 + 75 805+ 0 740 + 0 1650 +95 | 350+ 390
p. 10710 cm? 3.1 43 32 3.0 6.6 1.4
6,= o + o, MPa 350+ 0 415+ 120 35540 34540 515+150 | 235+625
Fe.C d, nm — 15%95 — — — 5%35
3
(at the r, nm - 105 - - - 85
boundaries) 3, % B 0.7 B B B 0.05
d, nm 15 5x15 20110 45 8x30 -
Fe,C rom| 80 40 120 100 40 -
(inside)
3, % 12.0 0.1 1.2 2.3 0.4 0
Fe,C d, nm - - - - - 20
(at subgrain 7, nm - — - - - 115
junctions) 6, % _ _ _ _ _ 0.15
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contains small, chaotically arranged carbide particles
(Fe,C) with an acicular shape and a high scalar disloca-
tion density (Fig. 2, a).

The material on the rolling surface in the head cen-
ter predominantly consists of a subgrain structure (90 %)
(Fig. 2, b), while this structure accounts for only 2 %
of the fillet surface. The research demonstrated that, in all
morphological components, the dislocation structure type
remains consistent: the dislocation substructure is repre-
sented by dense dislocation arrays. In all morphological
components, there are bend extinction contours, origi-
nating from interfaces of pearlite grains and colonies,
cementite plates in pearlite grains, fragment and sub-
grain boundaries, carbide particles (cementite) of lamel-
lar and rounded shapes located on the boundaries and
within the dislocation fragments and subgrains, junctions
of subgrains, and the dislocation substructure.

Calculations presented in [9] indicate that, in the fil-
let surface layer, within the ideal, destroyed, and globu-
lar pearlite, the scalar density of dislocations p is higher
than the excess density of dislocations p,, as determined
from the width of the bend extinction contours (Table 1),
meaning that p > p, and, accordingly, o, < ;. This indi-
cates that the curvature-twist of the crystal lattice in these
morphological components is purely plastic in nature. In
fragmented pearlite, as well as in completely destroyed
and subgrain structures, the value p is smaller than the cal-
culated value of p,, meaning p < p, and, o,<c,, which
implies that the curvature-twist of the crystal lattice in
these components is elastic-plastic in nature. However,
in fragmented pearlite and completely destroyed struc-
tures ;> % whereas in the subgrain structure Yot ~ Ko
(Table 1).

In the surface layer of the rail head center, the value
p in all morphological components was found to be
smaller than the value of p, calculated based on the width
of extinction contours [9] (Table 2). This indicates that
the curvature-twist of the crystal lattice in all morpho-
logical components is elastic-plastic, with %=t T K-

In the subgrain structure, which occupies the majority
of the material, ,, is nearly three times greater than Yl

In the surface layer of the rail head, elastic-plastic
curvature-twist of the crystal lattice is observed across
all morphological components. Notably, in the sub-
grain structure, which makes up 90 % of the material,
the values of y and o, are the highest, while the value
of 6, is more than an order of magnitude smaller than
that of o, (Table 2). This explains the presence of micro-
cracks in these areas.

The quantitative results presented in Tables 1 and 2
served as the basis for calculating the additive (total)
yield strength in each morphological component and
for the material as a whole. It is important to note that
individual mechanisms contribute differently to overall
strengthening, as these are influenced by various fac-
tors in each case [30 — 32]. Therefore, when estimating
the additive yield strength o, it is crucial to consider
the volume fractions P of each morphological compo-
nent o,

G=2Pi($i,

where P, and o, are volume fractions and yield strength
of each morphological component of the structure.

Previously, it was assumed that the additive yield
strength could be determined by simply summing the cont-
ributions of individual hardening mechanisms [30]. Howe-
ver, it has now been demonstrated that, in some cases,
these values should be summed using a quadratic appro-
ximation [31; 32]. This approach is particularly relevant
for the mechanisms Ao, and Ac_, which act locally and
inhomogeneously within the grains. Thus,

6,4 =Ac, +Ac +Ac, + A, +AG . +

+AG,, ++ Ao} + Act,

where Ao, =35 MPa [9] represents the friction stress
of dislocations in the crystal lattice of a-iron; Ac, refers

Fig. 2. TEM images of a completely destroyed (@) and subgrain structure (b)

Puc. 2. [I9M-u300pakeHus TOJHOCTBIO pa3pyIleHHOi (a) 1 cyO3epeHHON cTpYKTYypbl (b)
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Table 2. Parameters of the fine structure of pearlite in the rolling surface center

Ta6auya 2. TlapameTpbl TOHKOH CTPYKTYPHI MEPJIUTA B IEHTPE MOBEPXHOCTH KATAHUSI

Parameters Perlite el
ideal fragmented destroyed globular structure
P, % ~1 10 0 0 90
D,,nm - 50x160 - - 80
p-1071% cm2 8.3 5.0 - - 3.6
o, MPa 575 445 - - 380
A= Ay T Ao ST 2075 + 25 1250 + 1430 - - 900 + 2660
p. 10710, cm™ 8.3 5.0 - - 3.6
o,=c!"+ o, MPa 575 + 40 445 + 2280 - - 380 + 4255
Fe,C d, nm - 15 - - 15
(at the 7, nm - 40 - - 30
boundaries) 3, % _ 0.6 _ _ 1.0
d, nm 15%20 15 - - 10
(ifl:iSC(],:;) r,nm 40 35 - - 35
3, % 1.1 0.7 - - 0.2
Fe,C d, nm - - - - 20
(at subgrain r, nm - - - - 100
junctions) 3, % _ _ _ _ 0.01

to solid solution hardening (the hardening of ferrite solid
solution by dissolved alloying elements); Ao, denotes
grain boundary hardening (due to grain boundaries);
Ao, is the hardening of material by incoherent particles
as dislocations bypass them via the Orowan mechanism;
Ao, represents hardening due to pearlitic component
(barrier inhibition within pearlitic colonies); Ac_ refers
to substructural hardening (due to intraphase boundaries)
the formula contains no such values); Ac, is the harden-
ing by the “forest” of dislocations that cut glide disloca-
tions (internal shear stress); and Ao, represents harden-
ing by long-range stress fields (internal moment or local
stresses), with Ac, = Ao, + Acpl, where Ao is the elastic
component and Acpl is the plastic component of long-
range stresses.

The contributions of these hardening mechanisms
were qualitatively assessed using the formulas given
in [29; 31; 32], and the results are presented in Tables 3
and 4.

The analysis of data from Tables 3 and 4 shows that
the strength of the steel is multifactorial, with physical
mechanisms that are cumulative in nature. For the fillet
surface, the primary hardening mechanism is Orowan
strengthening (Ac_ ). This is primarily because the com-
pletely destroyed structure occupies the majority (60 %)
of the fillet surface. The contributions from long-range
stress fields (Acg) and the stresses from the “forest”
of dislocations (Ac;) are also significant. The emerg-
ing subgrain structure forms numerous grain junctions,
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leading to an increase in the sources of extinction con-
tours and, consequently, a growth in Ac_. However, since
the volume fraction of the subgrain structure (P ) is low
(2 %), its contribution to the strengthening of the fil-
let surface is minimal. The strengthening is primarily
due to the fragmented substructure and the completely
destroyed structure. The additive yield strength at the fil-
let surface is 2218 MPa.

For the central part of the rolling surface of the rail
head, the additive yield strength is much higher, reaching
7950 MPa. The main hardening mechanisms (Table 4)
include strengthening by internal elastic local stresses,
substructural strengthening, and strengthening by inco-
herent particles.

The significant difference in the values of additive
yield strength (o11° < 6™ can be explained by the fact
that, in the head center’s rolling surface, the volume frac-
tion of the subgrain structure is 45 times higher than that
in the fillet. The subgrains form in the nanometer size
range, leading to a high density of sub-boundaries and
junctions (primarily triple junctions) of subgrains, which
are the sources of extinction contours (mainly elastic).
These contours result in high values of internal long-
range stresses, with the elastic component being more
than an order of magnitude higher than the plastic one.
This combination determines the final effect. On the fil-
let surface, the main morphological components are de-
stroyed pearlite and a completely destroyed structure
with low-density boundaries.
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Table 3. Contribution of various mechanisms to hardening of hypereutectoid rail steel in various morphological components

and in general according to the material of the rounding surface of the rail head (fillet)

Tabauya 3. Betn4uHbI BKJIAJ0B PA3THYHbIX MEXaHH3MOB B YIIPOUHEHHE 329BTEKTOMIHON PeibCOBOIi cTaIn
B Pa3IM4YHBbIX MOP(]0/I0rH4ecKHX COCTABJISIONINX H B 11€JIOM 110 MaTepuaJly IIOBEPXHOCTH CKPYIJICHHUs
TOJIOBKH pPeJibCca (BLIKPYKKH)

Contributions . Perlite Destroyed Subgrain In the
ideal fragmented destroyed globular structure structure material

P, % 5 20 10 3 60 2 100
Ac,, MPa 35 35 35 35 35 35 35
Ao, MPa 80 180 80 80 150 90 142
Ac,, MPa - - 205 360 195 148
Ao, MPa 965 - - - - 48
Ao, MPa - 1465 - - - 1665 326
Ao ., MPa - 1125 340 200 805 580 760
Ac,, MPa 510 415 425 345 515 235 475
Ac ., MPa 350 415 355 345 515 235 467
Ac,, MPa 0 120 0 0 150 625 127
Ao, MPa 350 535 355 345 665 860 587
2 Ac,, MPa 1699 3482 1214 1163 2026 3261 2218
2 Ac P, MPa 85 696 121 35 1216 65 2218

Table 4. Contribution of various mechanisms to hardening of rail steel in various morphological components
and in general for the material in the rail head center

Ta6auya 4. BeTHINHBI BKJIA/I0B PA3JIHYHBIX MEXaHH3MOB B YIIPOYHEHHE PeJIbCOBOM CTAIH

B Pa3/IMYHBbIX MOp(l)OJIOFPl'{eCKl/lX COCTABJIAIOIIMUX U B LI€JIOM 110 MaTepHuaJly B LIECHTPE roJIOBKU peJjibCca

Contributions - Perlite ST fi th.e
ideal fragmented destroyed globular structure material
P, % ~1 10 0 0 90 100
Acp, MPa 35 35 - - 35 35
Ac,, MPa 80 210 - - 210 210
Acg, MPa - - - - - 0
Ac,,. MPa 1120 - - - - 10
Ao, MPa - 1430 - - 1875 1830
Ac,, MPa - 1070 - - 1435 1400
Ac,, MPa 575 445 - — 380 390
Acpl, MPa 575 445 - - 380 390
Ao, MPa 40 2280 - - 4255 4060
Ac,, MPa 615 2725 - - 4635 4450
2 Ac;, MPa 2077 5506 - — 8206 7957
Y Ac P, MPa 21 551 7385 7957

[ ConcLusions

Transmission electron microscopy was used to reveal
the morphological components of the rolling surface
of the rail head made of hypereutectoid steel, both

at the center and in the fillet. The identified components
include lamellar pearlite, fragmented pearlite, destroyed
lamellar pearlite, globular pearlite, completely destroyed
pearlite, and subgrain structure. We conducted a quan-
titative analysis of hardening mechanisms and assessed
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the contributions from lattice friction, solid solution hard-
ening, pearlite hardening, incoherent cementite particles,
grain boundaries and sub-boundaries, dislocation sub-
structure, and internal stress fields. For the fillet surface,
we established that the main hardening mechanism is due
to incoherent particles, along with mechanisms based on
internal long-range (local) stresses, internal shear stresses
(“forests” of dislocations), and substructural hardening.

For the central part of the rolling surface, the primary
hardening mechanisms are long-range stress fields, inco-
herent particles, and substructural hardening. We deter-
mined the additive yield strength at the rolling surface and
explained the difference in its values between the head
center and the fillet.
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EFFECT OF ELECTRIC ARC SURFACING ON THE STRUCTURE
AND PROPERTIES OF COATINGS

G. V. Shlyakhova®, V. I. Danilov

Institute of Strength Physics and Materials Science, Siberian Branch of the Russian Academy of Sciences (2/4 Akademiches-
kii Ave., Tomsk 634055, Russian Federation)
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Abstract. Surfacing, like welding, is associated with heating metals in a wide range of temperatures and subsequent cooling of heated zones at different
rates. This leads to complex structural and phase changes that are crucial for operational properties of the “protected material — coating” joint.
The structure and properties of the alloyage zone of these two materials depend on the degree of penetration, nature of the intermediate layers that
arise, and carbon diffusion in the boundary areas. When surfacing on low-carbon steel, depending on the composition of the deposited metal, the struc-
tures with a predominant amount of martensite or austenite can be obtained in the alloyage zone, depending on carbon content. The structure and
mechanical properties of the bimetallic joint between carbon steel and stainless steel were studied depending on the modes of electric arc surfacing
(submerged arc surfacing in one pass, in argon for one and two passes). It was established that the structural and phase composition of the deposited
metal is austenite, finely dispersed carbides and a needle component. The structure of the layer deposited in argon in one pass is more homogeneous
and does not contain defects. The microhardness increases smoothly along the depth of the deposited layer. As a result of surfacing in argon in two
passes, the joint has a homogeneous microstructure, but a large number of microdefects are formed in the layer, which can further lead to the formation
of a crack near the alloyage boundary. In submerged surfacing, the heating rate and specific heat input are insufficient, therefore, the surfacing bath is
poorly mixed, which leads to a suboptimal structure and the formation of thermal stresses at the alloyage boundary and to the formation of a coating
that is heterogeneous in structure and microhardness.

Keywords: electric arc welding, wire, structure, microhardness, defects, martensite, widmanstatten structure, scanned images
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UCCNEAOBAHUE BAUAHUA SNEKTPOAYIOBOWU HAMNNABKU
HA CTPYKTYPY U CBOUCTBA NMOKPbITUMU
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AnHomayus. Hamuiaska, Kak U CBapKa, CBsi3aHa C HA'PEBOM METAJLIOB B IIMPOKOM HHTEPBAJIC TEMIIEPATYP H MOCIEAYIOLINM OXJIKACHHEM HarpeThiX
30H C PasHBIME CKOPOCTSIMH. DTO IPHBOAUT K CIOKHBIM CTPYKTYPHBIM H (pa30BBIM H3MEHEHHSIM, MMEIOIIIM OIpEACILIONIee 3HAUCHHE I
9KCILTyaTalMOHHBIX CBOHCTB COCIMHEHMS 3allUIIAeMBblil MaTepual — MOKpbITHe. CTPOCHHE M CBOICTBA 30HBI CIUIABJICHHUS 9THX JBYX MaTCpHaIIOB
3aBHCSIT OT CTENCHH NPOILIABICHNUS, XapaKTepa BO3HUKAIOMNX IPOMEKYTOUHBIX CI0eB U Auddy3Hu yiepona B MPUrPaHUYHBIX ydacTKax. IIpu
HAIUIABKE HA HU3KOYIJIEPOMMCTYIO CTallb, B 3aBUCHMOCTH OT COCTABa HAIUIABISEMOIO METajlla, B 30HE CIUIABICHHS MOTYT MOJTYYaThCsl CTPYK-
TypBI ¢ IPEBAIUPYIOLIIM KOJTHISCTBOM MapTEHCHUTA MIIH ayCTCHNTA B 3aBUCHMOCTH OT COIEpyKaHHs yriepoza. B pabore uccnenoBam CTpyKkTypy
M MEXaHHYECKHE CBOMCTBA GMMETaIMYECKOro COCMHEHHS YIICPOINCTAs CTallb — HEPHKABEIOIAsl CTANlb B 3aBHCHMOCTH OT PEXKHMOB DIIEKTPO-
IyroBoif HarLTaBKy (IO (UIIOCOM 3a OIMH IIPOXOZ, B aPTOHE 3a OAMH M [Ba IPOXOZa). YCTAHOBICHO, UTO CTPYKTYPHO-(pa30BBIH COCTAB HAILIAB-
JICHHOTO METaJlla — ayCTEHHT, MEIKOAMCICPCHBIC KapOuIbl U UroIbuaTask cocTapsiomas. CTpyKTypa HAILIABICHHOIO B aproHe 3a OJIMH MPOXOJ
cr1ost siByIsIeTCst Goree OMHOPOIHOM M He COTEePIKUT Makpone(ekToB. MUKPOTBEpAOCTh IUIABHO YBEIHIMBASTCS 110 NIyOHHE HAIUIABICHHOIO CIIOS.
B pesynsrate HAIIABKU B aprOHE 3a [BA IPOX0/a COCMHEHHE HMEeT OHOPOJHYIO MUKPOCTPYKTYPY, HO B CJ10¢ 00pa3yeTcs OOIbIIOe KOMHYECTBO
MHKPOZIe(eKTOB, KOTOPBIE B JaIbHEHIIEM MOTYT IIPHBECTH K 00Pa30BaHHIO TPEIIUHBI BOIM3H IPAHHUIIB! CIUIABIeHs. [Ipn HammaBke oz (Iocom
CKOPOCTb HarpeBa M y/IeJIbHOE TEILIOBIOKCHHE HEAOCTATOYHBI, [I03TOMY HAIIABOYHAs BAHHA IUIOXO MEPEMEIINBACTCS, YTO MPUBOIUT K HEONTH-
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MaJIbHOM CTPYKTYpE U (I)OpMHpOBaHI/I}O TCPMUICCKUX HaHpS{)KeHI/Iﬁ Ha rpaHule CIUIaBJICHUSA U K (bOpMI/IpOBaHPIIO HCOIAHOPOJAHOI'O IO CTPYKTYpPEC

1 MUKPOTBEPAOCTHU IMOKPBITHS.
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E/lazoaapnocmu: Pabora BBITIOJIHEHA B COOTBETCTBHUHM C TOCYyAapCTBEHHBIM 3a/1TaHUEM I/IHCTI/ITyTa (1)I/I3I/IKI/I MPOYHOCTU U MaTCPHUAJIOBEACHU S CI/IGI/IpCKO-

ro otnenenust PAH, Tema nomep FWRW-2021-0011.
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[ INTRODUCTION

In many industries, such as chemical, nuclear, aero-
space, and others, the structural strength of components
is often determined by the materials’ resistance to aggres-
sive environments. Technically, this challenge can be fully
addressed by using corrosion-resistant materials [1 — 3].
However, from an economic stand-point, such a solu-
tion may not always be rational, particularly in applica-
tions like the secondary coolant circuits in nuclear power
plants. While corrosion-resistant steel is essential for
manufacturing pipelines, high-quality carbon steels can
be used for valves and some pump components, provided
that anticorrosion coatings are applied to the surfaces
exposed to the coolant [4]. One of the most widespread
and effective methods for applying such coatings is elec-
tric arc surfacing [5 — 7]. Currently, the scientific prin-
ciples of electric arc surfacing are well established, and
numerous modifications of this method exist. Electric arc
surfacing is easily mechanized, ensuring high producti-
vity. It allows for the uniform application of metal layers
with the desired physical and mechanical properties, thus
fulfilling the required technological objectives [8 — 12].
In the present study, the goal was to protect valves made
of low-carbon steel from aggressive liquids. Challenges
arose when transitioning from previously used surfacing
materials to new ones.

Surfacing, like welding, involves heating met-
als over a wide temperature range and subsequently
cooling the heated zones at different rates. This leads
to complex structural and phase changes, which play a
critical role in determining the operational properties
of the “protected material — coating” joint [15]. The coat-
ing is formed during the crystallization of the molten
electrode metal and the fused base metal, acquiring a
cast structure. The characteristics of the aloyage zone
between the deposited layer and the base material are
particularly important for the properties and performance
of the coating, especially when they differ in composi-
tion and structural class. The aloyage zone determines
the reliability of the bond between the deposited metal
and the base material [14 — 16]. The base material is
low-carbon steel, while the deposited metal is stainless
steel. The structure and properties of the aloyage zone
between these two materials will depend on the degree
of penetration, the nature of the intermediate layers that
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form, and carbon diffusion in the boundary areas [17; 18].
When surfacing low-carbon steel, depending on the com-
position of the deposited metal, the aloyage zone may
develop structures with a predominant amount of mar-
tensite or austenite, depending on the carbon content.
The deposited metal, depending on the chromium and
nickel content, may exhibit an austenitic or austenitic-
ferritic structure. If the nickel and chromium content is
insufficient, the deposited metal may develop a secon-
dary austenitic-martensitic structure [4; 8; 19]. The prop-
erties of the depos-ited metal and the resulting struc-
ture of the surfacing layer are significantly influenced
by the mixing of the base metal and the electrode mate-
rial. Generally, minimal mixing of the deposited metal
with the base metal is desired. When stainless steels are
deposited onto unalloyed steel, a sharply defined transi-
tion zone often forms between the deposited and base
metals, with a relatively wide width [20; 21].

This study investigates the influence of various elect-
ric arc surfacing methods on the structure and mechani-
cal properties of the bimetallic joint between carbon steel
and stainless steel.

[ MATERIALS AND METHODS

The study investigated the structure and proper-
ties of coatings obtained through mechanized surfacing
using consumable electrodes made of solid stainless steel
wire with an Fe—C—Cr—Ni—Si—Mn alloying system.
The wire had a diameter of 1.8 mm, and various num-
bers of layers were applied using the following methods:
submerged arc surfacing (1 pass), argon arc surfacing
(1 pass), and argon arc surfacing (2 passes). The chemical
composition of the Fe—C—-Cr—Ni—Si—Mn wire was as
follows, in wt. %: <0.12 C; ~15.0 Cr; ~0.8 Mn; ~4.5 Si;
~8.5 Ni; <0.04 S; <0.04 P; with the remainder being iron.

Surfacing was performed on specimens of high-qua-
lity carbon steel 20 with dimensions of 50x15x10 mm
(length x width x height).

To study the microstructure, cross-sectional samples
were prepared from each specimen after each surfacing
mode. The preparation of the samples involved mechani-
cal grinding, mechanical polishing on a synthetic dia-
mond material, transitioning from coarse to fine diamond
powder, and chemical etching [8; 10; 22]. The study
of the structure and the measurement of the microhard-
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6. 1 2

Fig. 1. Diagram of typical connection zones for metallographic studies:
1 — deposited roller; 2 — the upper part of deposited metal;
3 — the lower part of deposited metal; 4 — alloyage zone of roller and
base metal; 5 — base metal; 6 — microhardness measuring line

Puc. 1. Cxema xapakTepHBIX yUYaCTKOB COEIUHEHHS ISl IPOBEACHHS
MeTtaorpaguueckux UCciea0BaHuii:
/ — HaTUIaBJICHHBIN BaIMK; 2 — BEPXH: YaCTh HAIJIABIEHHOTO METaa;
3 — HYDKHSISI 9acTh HAIUIABJIICHHOTO METaJLIa;
4 — 30Ha CIUIABJICHHS BaJMKa U OCHOBHOTO METAJLIa;
5 — OCHOBHOM MeTaJll; 6 — IMHUS N3MEPEHUs] MUKPOTBEPIOCTH

ness of the “coating — base metal” joint were performed
on polished samples according to the scheme presented
in Fig. 1.

Structural investigations were conducted using optical
microscopy (OM) and atomic force microscopy (AFM)
with Neophot-21 and Solver PH47-PRO microscopes,
respectively [22]. Microhardness measurements were
carried out using a PMT-3 microhardness tester under
aload of 0.1 N.

[ RESULTS AND DISCUSSION

A visual inspection of the unetched crosssections from
the three variants showed no macrodefects, such as pores
or cracks, in the surfaced layers. However, scan images
of the etched crosssections obtained with an atomic force
microscope (AFM) revealed that, in all surfacing modes,
rare isolated microdefects in the form of spherical pores
were predominantly present at the aloyage boundary
between the stainless steel and steel 20 (Fig. 2). Profilo-
grams constructed using the sectioning method allowed
for determining their morphology and size. The maxi-
mum dimensions of the micropores in the longitudinal
and transverse directions were 10 and 15 um, respec-
tively. However, due to their small size, they are not clas-
sified as surfacing defects.

The structure of the base metal (region 5) in all cases
corresponds to the structure of low-carbon steel 20
(Fig. 3), characterized by polyhedral grains of fer-
rite and pearlite, with an average grain size of approxi-
mately 52 um, corresponding to a grain number of 5 to 6.
The microhardness was HV | = 1320 MPa.

The deposited metal formed in all three surfacing
variants can be conventionally divided into four regions,
with the thickness of these regions varying depending
on the surfacing mode. Point 4 corresponds to the aloyage

boundary (the dark layer in Fig. 4) and the heat-affected
zone (HAZ). In the HAZ, a Widmanstatten structure is
observed adjacent to the aloyage boundary. Directly
at the aloyage line, a decarburized layer with the lowest
hardness (HV , = 1000 MPa) was detected. The thick-

1.6

1.2
= 08
[N}

Fig. 2. Topography of defects near the alloyage boundary (AFM)
(3D images)

Puc. 2. Tonorpadust nedexro BOmu3u rpanuiib crutaBieans (ACM)
(3D usobpaskenus)

Fig. 3. Structure of 20 steel

Puc. 3. Ctpykrypa cramu 20
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Fig. 4. Structure of deposited layer (Fig. 1), made according to option / — 3 (a —¢):
1 — deposited roller; 2 — the upper part of deposited metal; 3 — the lower part of deposited metal; 4 — alloyage zone of roller and base metal

Puc. 4. CTpyKTypa HaIIaBJICHHOTO €105l (CM. pucC. 1), BBITOIHEHHOTO 110 BapuaHty / — 3 (a —¢):
1 — HarUTaBICHHBIN BAJUK; 2 — BEPXHSS YacTh HAIUIABICHHOTO MeTaIlIa; 3 — HI)KHSIS YacTh HAIUIABICHHOTO MeTaslIa;
4 — 30Ha CIUIABJICHHS BaJIMKa  OCHOBHOTO METalia

ness of this layer in the sample processed according
to variant / was approximately 100 um, and in variant 2,
it reached a maximum of 120 um. In the sample surfaced
using mode 3, the decarburized layer was not detected,
with only small, very rare areas up to a maximum depth
of 15 um observed.

In the surfacing conducted according to variant 7,
the phase composition is primarily austenite, with varying
morphology and size of structural elements (Fig. 4, a).
The extent of characteristic regions of the joint (AL)

and the corresponding microhardness values are indi-
cated in the table (measured from the upper, or free,
surface of the surfacing; see the diagram in Fig. 1).
In region 3, the austenite grains contain a acicular com-
ponent that could not be precisely identified. Most likely,
these are martensitic needles, as evidenced by the high
micro-hardness values (Fig.5): the microhardness in
region 3 is nearly twice that of regions / and 2, reaching
HV,, = 6500 MPa. Isolated micropores were found near
the boundary.

Values of microhardness in deposited layer

3HauyeHus MHUKPOTBEPAOCTH B HAIJIABJICHHOM CJ10€

) HVO,I, MPa AL, pm HVO’I, MPa AL, pm HVO’1 , MPa AL, pm
Region Variant / Variant 2 Variant 3
1 3300 1680 2060 1000 2800 4200
2 3550 1400 2500 3500 3000 3900
3 5100 2100 3100 1050 3500 2100
4 6500 8 4200 60 4600 50
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The microstructure of the deposited metal in the joint
obtained using variant 2 is more homogeneous than that
of the sample from variant / (Fig. 4, ). The microhard-
ness changes relatively smoothly with depth, reach-
ing its maximum only at the aloyage boundary (Fig. 5,
Table). The aloyage zone (heavily etched region 4) is
approximately 60 pm thick, with a hardness 1.5 times
higher than the average hardness of the deposited metal,
though significantly lower than in the sample surfaced
using variant 1 (6500 MPa). The phase composition
of the deposited metal includes austenite and fine-dis-
persed carbides, with a acicular component appearing
near the aloyage boundary. Overall, the joint obtained
using variant 2 is the most refined, free of defects such
as microcracks in the deposited metal and at the aloyage
boundary.

The structure of the deposited metal surfaced using
variant 3 is more homogeneous than that of the sample
from variant / and is similar to the structure of the sample
from variant 2, despite the use of two-pass surfacing here
(Fig. 4, ¢). The microhardness in the main part of the sur-
facing (more than 80 %) does not significantly change with
depth. In the remaining 20 % of the surfacing thickness,
it increases by approximately 15 %, reaching a maximum
in the boundary area (see Table). The aloyage boundary
itself (heavily etched region) is about 50 um thick, with
a hardness 1.5 times higher than the average hardness
of the deposited metal (Fig. 5). Overall, the joint from
variant 3 has a good homogeneous microstructure, but
the largest number of micropores formed in the deposited
metal near the boundary.

Submerged arc surfacing (variant /) results in a coa-
ting with a heterogeneous structure and microhard-

7000

6000

5000

Microhardness, MPa

Surfacing option

Fig. 5. Dependence of microhardness of deposited layer
on surfacing method

Puc. 5. 3aBUCUMOCTb MUKPOTBEPAOCTH HAILIABIEHHOTO CJIOS
0T crioco0a HaIIaBKH

ness. Isolated micropores were found in the coating
near the aloyage line with the base metal. In this part
of the coating, there is an increased content of quenched
(acicular) structures.

Based on the macro- and microstructural analysis
of the surfaced layers, it was established that the most
refined structure is found in the sample processed using
variant 2 — argon arc surfacing in one pass. The struc-
ture of the deposited metal consists of austenite, fine-dis-
persed carbides, and a acicular component near the aloy-
age boundary. The microhardness of the surfaced layer
changes smoothly with depth, reaching maximum values
only at the aloyage boundary. No microdefects were
found.

The analysis of the structural-phase composition
of the metal surfaced using variant 3 — argon arc sur-
facing in two passes — showed that the joint has a good
homogeneous microstructure; however, the largest num-
ber of micropores was found in the layer surfaced dur-
ing the first pass near the aloyage boundary. An increased
content of acicular structures and, consequently, higher
microhardness were also observed in this area.

- CONCLUSIONS

The study established that during surfacing, carbon
diffuses into the deposited metal, leading to the formation
of carbides and the development of hardened structures,
such as an acicular structure. In the heat-affected zone,
a Widmanstatten structure forms, characterized by fine
needles extending from ferritic plates. The base metal
structure remains ferrite-pearlite.

In submerged arc surfacing, the heating rate and spe-
cific heat input are insufficient, resulting in poor mixing
of the weld bath. This leads to a suboptimal structure and
the formation of thermal stresses at the aloyage bound-
ary. A similar issue arises in two-pass surfacing, where
the lower layer is not fully penetrated.

[ REFERENCES / CMUCOK IUTEPATYPbI

1. Sidorov V.P., Mel’zitdinova A.V. The methodology for deter-
mining the requirements for the accuracy of welding para-
meters. Svarka i diagnostika. 2014;(3):10-13. (In Russ.).

Cunopos B.I1., Mens3utnunosa A.B. Meronuka onpenerne-
HUSI TpeOOBaHUH K TOYHOCTH ITapaMeTpoB cBapku. Ceapka u
Juaznocmuxa. 2014;(3):10-13.

2. Borisova A.L., Mits 1.V, Kaida T.V., Dzykovich I.Ya.,
Korzhik V.N. Structure and properties of ferroborum-based
electric arc coatings obtained from powder wires. Avio-
maticheskaya svarka. 1991;(9(462)):66—68. (In Russ.).

Bopucosa A.JI., Mun U.B., Kaitna T.B., J{3sixoBud 1. 4., Kop-
)kuk B.H. CTpykTypa 1 CBOWCTBA 3JIEKTPOIYTOBBIX MTOKPHI-
TUI Ha OCHOBE (eppodopa, IMOTYUEHHBIX U3 MOPOIIKOBBIX
MPOBOJIOK. Agmomamuueckas ceapra. 1991;(9(462)):66—68.

437



N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2024;67(4):433-439.
llnsxosa I'B., [lanusoe B.U. ccneoBanvie BIAMSHUS 3JIEKTPOAYTOBON HAMJIABKY HA CTPYKTYPY U CBOMCTBA MOKPBITHH

438

Skoblo T.S., Tikhonov A.V., Rybalko I.N. New method for
parts restoration. Avtomobil 'nyi transport. 2012;(31):124-128.
(In Russ.).

Cxo6mo T.C., TuxonoB A.B., Peibanko V.H. HoBbrit crioco0
BOCCTAHOBJICHHS JeTalel. AmomoOunbhbli mpancnopm.
2012;(31):124-128.

Ivashko V.S., Kurash V.V., Kudina A.V. Formation of high-
quality wear-resistant metal coatings by electric arc surfacing
in an ultrasonic field with introduction of a carbide powder
additive into the melt. Teoriya i praktika mashinostroeniya.
2003;(2):77-81. (In Russ.).

Upamko B.C., Kypam B.B., Kynuna A.B. ®opmupoBanue
Ka4eCTBEHHBIX H3HOCOCTOMKHUX METAJIJIONOKPBITHI CIO-
cOo0OM 3JIEKTPOIYTOBOW HAIUIABKU B YIIBTPA3BYKOBOM I10JIE
C BBEJICHHEM B PacIlIaB TBEPOCILIABHON IIOPOIIKOBON TIPH-
canku. Teopus u npakmuka mawunocmpoenus. 2003;(2):
77-81.

Kozyrev N.A., Kibko N.V., Umanskii A.A., Titov D.A.,
Sokolov P.D. Improving the quality of deposited layer
of rolling rolls by optimizing the composition of powder
wires. Svarochnoe proizvodstvo. 2017;(7):29-34. (In Russ.).

KoseipeB H.A., Kuoko H.B., Ymauckuii A.A., Turos [I.A.,
Coxosio I1./]. TloBbIlIeHne KauecTBa HAIUIABJICHHOTO CJIOS
MPOKATHBIX BAJIKOB 32 CYET ONTHMHU3AIUH COCTABA ITOPOIIKO-
BBIX MPOBOJIOK. Ceapournoe npouzsoocmao. 2017;(7):29-34.
Kuznetsov M.A., Zernin E.A., Kolmogorov D.E., Shlya-
khova G.V,, Danilov V.I. Structure, morphology and disper-
sion of metal deposited by arc welding with a melting elec-
trode in argon in the presence of nanostructured modifiers.
Svarka i diagnostika. 2012;(6):8-10. (In Russ.).

KysnenoB M.A., 3epuun E.A., Kommoropos JI.E., Illms-
xoBa I'B., danunoB B.M. Crpoenue, mopdonorust u auc-
MEPCHOCTh MeTajlia, HAIJIABICHHOTO JYrOBOW CBapKoi
TUIABSIIIAMCSI DJIEKTPOJOM B aproHe B NPHCYTCTBUH HaHO-
CTPYKTYPUPOBAaHHBIX MoxudukaropoB. Ceapka u ouacho-
cmuka. 2012;(6):8-10.

II’yaschenko D.P., Chinakhov D.A., Danilov V.I., Schlya-
khova G.V., Gotovshchik Yu.M. Physical nature of the pro-
cesses in forming structures, phase and chemical composi-
tions of medium-carbon steel welds. IOP Conference Series:
Materials Science and Engineering. 2015;91:012006.
http.://dx.doi.org/10.1088/1757-899X/91/1/012006

Kuznetsov M.A., Zernin E.A., Kartsev D.S., Shlya-
khova G.V., Danilov V.I. Microstructure of welded joints
obtained using aluminum oxyhydroxide. Svarka i diagnos-
tika. 2016;(4):24-26. (In Russ.).

Ky3nenos M.A., 3epuun E.A., Kapues /I.C., [llisxosa I'B.,
JanunoB B.JM. MukpocTpykTypa CBapHBIX COCIUHEHHH,
MNOJIYYCHHBIX C MPUMEHCHUEM OKCOIrMAPOKCHUIa aJIFOMUHUA.
Csapka u ouacnocmuxa. 2016;(4):24-26.

Gusev AL, Kibko N.V., Popova M.V., Kozyrev N.A., Oset-
kovskii I.V. Surfacing of details of mining equipment by
powder wires of C — Si—Mn —-Mo -V - B and C — Si -
Mn — Cr — Mo — V systems. Izvestiya. Ferrous Metallurgy.
2017;60(4):318-323. (In Russ.).
https://doi.org/10.17073/0368-0797-2017-4-318-323

I'yces A.W., Kubko H.B., TTonosa M.B., Kossipes H.A.,
OcetxoBckuit M.B. HammaBka mopomkoBsIMU ITPOBOJIOKAMHU
cucteM C—Si—-Mn—-Mo-V-BuC-Si—-Mn—-Cr—Mo-V
JleTaneil TOpHOPYAHOTo 00OpyHOBaHUS. M3secmus 6y308.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Yepras memannypeus. 2017;60(4):318-323.
https://doi.org/10.17073/0368-0797-2017-4-318-323

Gusev A.l, Usol’tsev A.A., Kozyrev N.A., Kibko N.V,
Bashchenko L.P. Development of flux-cored wire for surfa-
cing of parts operating under conditions of wear. Izvestiya.
Ferrous Metallurgy. 2018;61(11):898-906. (In Russ.).
https://doi.org/10.17073/0368-0797-2018-11-898-906

T'yces A.M., YeombreB A.A., Kosbipes H.A., Kubko H.B.,
Bamenko JI.II. Pa3pabGoTka moOpomIKOBOWH TPOBOJIOKH JIJIsSt
HAIUIaBKU JieTajel, paboTalomMX B YCIOBHIX H3HOCA.
Hzeecmus 6y306. Yepnas memannypeus. 2018;61(11):898—
906. https://doi.org/10.17073/0368-0797-2018-11-898-906
Swierczynska A., Varbai B., Pandey Ch., Fydrych D. Explor-
ing the trends in flux-cored arc welding: scientometric analy-
sis approach. The International Journal of Advanced Manu-
facturing Technology. 2024;130:87-110.
https://doi.org/10.1007/s00170-023-12682-6

Gusev A.L, Kozyrev N.A., Usoltsev A.A., Kryukov R.E.,
Mikhno A.R. Development of a flux-cored wire for surfa-
cing mining equipment operating in the conditions of shock-
abrasive wear. IOP Conf. Series: Earth and Environmental
Science. 2018;206:012034.
https://doi.org/10.1088/1755-1315/206/1/012034
Pancikiewicz K. Preliminary process and microstruc-
ture examination of flux-cored wire arc additive manu-
factured 18Ni—12Co—4Mo-Ti maraging steel. Materials.
2021;14(21):6725. https://doi.org/10.3390/ma14216725
Moreno J.S, Conde F.F., Correa C.A., Barbosa L.H., da Sil-
va E.P, Avila J., Pinto H.C. Pulsed FCAW of martensitic
stainless clads onto mild steel: microstructure, hardness, and
residual stresses. Materials. 2022;15(8):2715.
https://doi.org/10.3390/ma15082715

Parshin S., Levchenko A., Wang P., Maystro A. Mathemati-
cal analysis of the influence of the flux-cored wire chemi-
cal composition on the electrical parameters and quality in
the underwater wet cutting. Advances in Materials Science.
2021;21(1):77-89. https://doi.org/10.2478/adms-2021-0006
Cheilyakh Ya.A., Chigarev V.V. Structure and properties
of deposited wear-resistant Fe-Cr—Mn steel with a con-
trolled content of metastable austenite. Avtomaticheskaya
svarka. 2011;(8):20-24. (In Russ.).

Yeiliax S1.A., Yurapes B.B. CtpykTypa u cBOHCTBa HaIlIaB-
neHHou n3Hococtoikor Fe—Cr—Mn ctamum ¢ perynmupyemMbiMm
coziepKaHNEM MeTacTaOMIIBHOTO ayCTeHUTA. Agmomamuyec-
Kas ceapra. 2011;(8):20-24.

Mutascu D., Karancsi O., Mitelea 1., Craciunescu C.M.,
Buzdugan D., Utu I.D. Pulsed TIG cladding of a highly car-
bon-, chromium-, molybdenum-, niobium-, tungsten- and
vanadium-alloyed flux-cored wire electrode on duplex stain-
less steel X2CrNiMoN 22-5-3. Materials. 2023;16(13):4557.
https://doi.org/10.3390/ma16134557

Metlitskii V.A. Flux-cored wires for arc welding and surfa-
cing of cast iron. Welding International. 2008;22(11):
796—800. http://dx.doi.org/10.1080/09507 110802593646
Kejzar R., Grum J. Hardfacing of wear-resistant deposits by
MAG welding with a flux-cored wire having graphite in its
filling. Welding International. 2005;20(6):961-976.
http://dx.doi.org/10.1081/AMP-200060424

Deng X.T., Fu T.L., Wang Z.D, Misra R.D.K., Wang G.D.
Epsilon carbide precipitation and wear behaviour of low
alloy wear resistant steels. Materials Science and Techno-


http://dx.doi.org/10.1088/1757-899X/91/1/012006
http://elibrary.ru/contents.asp?issueid=1576120
https://doi.org/10.17073/0368-0797-2017-4-318-323
https://doi.org/10.17073/0368-0797-2017-4-318-323
https://doi.org/10.17073/0368-0797-2018-11-898-906
https://doi.org/10.17073/0368-0797-2018-11-898-906
https://doi.org/10.1007/s00170-023-12682-6
https://doi.org/10.1088/1755-1315/206/1/012034
https://doi.org/10.3390/ma14216725
https://doi.org/10.3390/ma15082715
https://doi.org/10.2478/adms-2021-0006
https://doi.org/10.3390/ma16134557
http://dx.doi.org/10.1080/09507110802593646
http://dx.doi.org/10.1081/AMP-200060424

I1ZVESTIYA. FERROUS METALLURGY. 2024;67(4):433-439.
Shlyakhova G.V, Danilov V.I. Effect of electric arc surfacing on the structure and properties of coatings

logy. 2016;32(4):320-327.
http://dx.doi.org/10.1080/02670836.2015.1137410

21. Filippov M.A., Shumyakov V.I, Balin S.A., Zhilin A.S,,
Lehchilo V.V.,, Rimer G.A. Structure and wear resistance
of deposited alloys based on metastable chromium — car-
bon austenite. Welding International. 2015;29(10):819-822.
https://doi.org/10.1080/09507116.2014.986891

22. Shlyakhova G.V., Barannikova S.A., Li Yu.V., Bochka-
reva A.V., Zuev L.B. Study of the structure of bimetal const-

ruction carbon steel — stainless steel. [zvestiya. Ferrous
Metallurgy. 2018;61(4):300-305. (In Russ.).
https://doi.org/10.17073/0368-0797-2018-4-300-305
InsxoBa I.B., bapannmkoBa C.A., boukapésa A.B.,
JIu 10.B., 3yeB JI.b. UccnenoBanue CTpyKTypsl Oumerasia
KOHCTPYKIIMOHHAsI yIIEPOOUCTasl CTallb — Hep)KaBero-
uias craib. Mzeecmus 8y308. Yepnas memannypeus. 2018;
61(4):300-305.
https://doi.org/10.17073/0368-0797-2018-4-300-305

Galina V. Shlyakhova, Cand. Sci. (Eng.), Research Associate of the Labo-
ratory of Strength Physics, Institute of Strength Physics and Materials
Science, Siberian Branch of Russian Academy of Sciences

ORCID: 0000-0001-9578-2989

E-mail: shgv@ispms.ru

Vladimir L. Danilov, Dr. Sci. (Phys.-Math.), Prof., Chief Researcher of the
Laboratory of Strength Physics, Institute of Strength Physics and Mate-
rials Science, Siberian Branch of the Russian Academy of Sciences
ORCID: 0000-0002-5741-7574

E-mail: dvi@ispms.ru

TI'anuna BumasvesHa lllisxoea, k.m.H., HaQyyHblli compyoHUK sa6opa-
mopuu gusuku npouHocmu, UHCTUTYT PU3HUKKU TPOYHOCTH U MaTepHa-
noBesenus Cubupckoro otaesnenus PAH

ORCID: 0000-0001-9578-2989

E-mail: shgv@ispms.ru

Baadumup HeaHosuu JlaHu08, 0.¢p.-M.H., npodheccop, 21a8HbIU HAyY-
Hblll compydHUK 1abopamopuu usuku npouHocmu, UHCTUTYT PU3NKH
MPOYHOCTH U MaTepuasioBeseHus: Cubupckoro otaesnenus: PAH
ORCID: 0000-0002-5741-7574

E-mail: dvi@ispms.ru

G. V. Shlyakhova - preparing the samples, conducting the research,
analyzing the results, writing the text.

V. I. Danilov - formulating the article concept, discussing the results,
preparing an outline for the article.

I B. lllnsixoea - noroToBKa 06pasLoB, IPOBe/ieHHe UCCIel0BaHUH,
aHaJ/IN3 Pe3yJIbTATOB, HAallMCAaHHE TEKCTA CTAaTbHU.

B. H. /lanun08 - opMynrpoBaHye KOHLENUU PaboThl, 006CYyXK/JeHHE
pe3y/IbTaToB, IOATOTOBKA IIJIaHA CTAThH.

Received 27.02.2024
Revised 15.03.2024
Accepted 25.03.2024

IToctynuia B pepakuuio 27.02.2024
Iocne nopabdorku 15.03.2024
IpunsTa x myonukanuu 25.03.2024

439


http://orcid.org/0000-0001-9578-2989
mailto:shgv@ispms.ru
http://orcid.org/0000-0002-5741-7574
mailto:dvi@ispms.ru
http://orcid.org/0000-0001-9578-2989
mailto:shgv@ispms.ru
http://orcid.org/0000-0002-5741-7574
mailto:dvi@ispms.ru
http://dx.doi.org/10.1080/02670836.2015.1137410
https://www.researchgate.net/scientific-contributions/AS-Zhilin-2081253524?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIn19
https://www.researchgate.net/scientific-contributions/VV-Lehchilo-2069841215?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIn19
https://doi.org/10.1080/09507116.2014.986891
https://doi.org/10.17073/0368-0797-2018-4-300-305
https://doi.org/10.17073/0368-0797-2018-4-300-305

N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2024;67(4):440-448.
3opst U.B., [lonemaee I'M. u dp. MosieKysipHO-AMHAMHYeCKoe UCCleloBaHKe BAUSHUA NPUMeCH yIyiepo/ia Ha NPoLecc KPUCTAJIU3ALMH ...

P ET| UDC 538.953

DOI10.17073/0368-0797-2024-4-440-448

Original article

Opu2uHaabHasi cmamos

MOLECULAR DYNAMICS STUDY OF THE INFLUENCE
OF CARBON IMPURITY ON AUSTENITE
NANOPARTICLES CRYSTALLIZATION DURING RAPID COOLING
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Abstract. The molecular dynamics method was used to study the structure formation during austenite nanoparticles crystallization in the presence of carbon
impurities. The paper describes the dependence of the melt cooling rate, particle size, concentration of carbon atoms in the particle on the resulting
structure features during crystallization and temperature of the crystallization onset. Formation of the nanocrystalline structure of nanoparticles can
be controlled by varying the cooling rate and introducing a carbon impurity: at a cooling rate above 10'3 K/s in the model used, crystallization did not
have time to occur; at a rate below 5-10'2 K/s, the austenite particle crystallized to form a nanocrystalline structure. At the same time, with a decrease
in the cooling rate, a decrease in the density of defects in the final structure was observed. At a rate of 5-10'! K/s or less, crystallization of carbon-free
particles took place with the formation of low-energy grain boundaries (with a high density of conjugate nodes: special boundaries, twins). The crystal-
lization temperature during cooling at a rate below 10'2 K/s is inversely proportional to the particle diameter: as the particle size decreases, the propor-
tion of free surface increases, which leads to a decrease in the probability of crystalline nuclei formation. In addition, the crystallization temperature
increases with a decrease in the cooling rate. The introduction of a carbon impurity led to a decrease in the crystallization temperature of nanoparticles:
in the presence of 10 at. %. As a percentage of carbon, it decreased by about 200 K for particles of different sizes. Carbon atoms often formed clusters
consisting of several carbon atoms. Such clusters distorted the resulting crystal lattice of metal around them, preventing crystallization. In the presence
of a carbon impurity, the final structure of the crystallized particles contained a higher density of grain boundaries and other defects. Carbon atoms,
especially clusters of them, were fixed mainly at grain boundaries and triple joints.

Keywords: molecular dynamics, nanoparticle, crystallization, nanocrystal, austenite
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AHHoOmayus. MetooM MONEKYISIPHOH TMHAMUKH TPOBEAEHO HCcclieoBaHHe (GOPMHUPOBAHMS CTPYKTYPbI IIPH KPUCTAIIM3AINN HAHOYACTHIL ayCTe-

HUTA B yCJIOBHSAX HAJIMYMS NPHMECH yriiepoaa. PaccMaTpuBaioch BIMSHHE CKOPOCTH OXJIQXJCHHUS pacIliaBa, pa3Mepa YacTHUll, KOHIIEHTpAauu
aTOMOB yIVIEPO/Ia B YaCTHUIIE HA 0COOEHHOCTH 0Opasyrowieiicsi CTPYKTYpbl NPH KPUCTAUIM3ALMK U TEMIIEparypy Havana kpucramumzanuu. [Toka-
3aHO, 4TO (POPMHPOBAHUEM HAHOKPUCTAIIMYECKOW CTPYKTYyphl HAHOYACTHI] MOXKHO YIPABISATH ITyT€M BapbUPOBAHUS CKOPOCTH OXJIAXKICHUS
1 BBEJICHUS NPUMECH yIIIEPOJIa: TIPU CKOPOCTH OXJaxaeHus Boimie 1013 K/c B ucnonb3yeMoii Moiean KpUcTau3aiys He yereBaja IpoM30iTH,
npu cxkopoctu Hmwke 5-10'2 K/c yactuia aycreHUTa KPUCTAILIM30BAIACH C OOPA30BAHMEM HAHOKPHMCTAUIMYECKOHW CTPYKTYphl. Ilpu 3TOM 1pu
CHIKEHHM CKOPOCTH OXJI&XKICHUS HAOIIONAI0Ch YMEHBUICHHE IIOTHOCTH 1e()EKTOB B KOHEUHOM cTpykType. Ilpu ckopoctu 510 K/c u menee
KpHUCTAIIIM3AIHS YacTHI Oe3 yIiiepoaa MpoXoaAmIa ¢ 00pa30BaHUEM HU3KOPHEPIeTHYECKHUX I'PAHHUI] 3€PEH (C BHICOKOH INIOTHOCTHIO CONPSIKEHHBIX
y3JI0B: CIIEUMAJILHBIX [PAHUL, JBOHHUKOB). TeMIeparypa KpUCTaUIM3aLlkU IPU OXJIAXKIECHUHU €O CKOpocThio Hike 1012 K/c 06paTHo nponopiuo-
HaJIbHA JMaMETPy YacTHIBL: 0 MEpPEe YMEHBIICHHS pa3Mepa YacTHIbl YBEINYMUBACTCS OIS CBOOOJHON MOBEPXHOCTH, YTO IMPUBOIUT K YMCHB-
IICHUIO BEPOSATHOCTH 00pa30BaHusI KPUCTAINIMYECKHUX 3apobliei. Kpome Toro, Temneparypa KpUcTaJUIM3aliy yBEINUUBACTCS TIPU YMEHBIICHHU
CKOPOCTH OXJIaXJCHUS. BBeneHue mpumecH yriepoja NPHUBOAWIO K CHIXKEHHIO TEMIIEPATypbl KPUCTAJUIM3AIUU HAHOYACTHUIL: NPHU HATUYUH
10 ar. % yriepozna oHa yMeHbInanach npumepHo Ha 200 K uist yactui pa3Horo pasmepa. ATOMBbI yIiiepoia 4acto 00pa3oBbIBaIM CKOIIEHHSI, COCTO-
SIIUE U3 HECKOJIIBKAX aTOMOB yIiiepozia. Taknue CKOIUICHUS HCKayKalll 00pa3yIoIyocs KPUCTAIMYECKYIO PEIETKY METallla BOKPYT ce0sl, persiT-
CTBYSI KpUCTAJUIM3ALMK. B yCIOBHSX Hanuuus NpUMECH yrepoaa KOHEe4Has CTPYKTypa KPHUCTAJUIM30BABIIMXCS YaCTHUI UMesa 0oliee BBICOKYIO
IUIOTHOCTb TPAHMI 3ePEH U APYTHX Je(EKTOB. ATOMBI YIIIepoa, 0COOCHHO CKOIUICHHS M3 HUX, 3aKPEIULUIMCH IPEUMYIIECTBEHHO Ha TPaHUIAX

3epeH U TPOMHBIX CTHIKAX.
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[ INTRODUCTION

Metallic nanoparticles exhibit a unique set of physi-
cal, chemical, and optical properties. These proper-
ties make nanoparticles highly promising for applica-
tions in areas such as microelectronics, optoelectronics,
plasmonics [1; 2], medicine and biology [3; 4], chemi-
cal catalysis, and the production of gas sensors [5; 6].
In the manufacturing of nanoparticles, significant atten-
tion is given to controlling the phase state, size, and shape
of the particles due to their critical impact on beneficial
properties [7 — 10]. Consequently, investigating the fac-
tors influencing the mechanisms and kinetics of phase
transitions, as well as the final structure of the particles,
is of great importance. Recently, particles with a high
level of atomic structure disorder, such as amorphous or
nanocrystalline structures, have garnered significant inte-

rest [11 — 14]. These particles possess high stored energy
and a unique electronic structure, making them promi-
sing for use in catalysis, biomedicine, optics, and electro-
nics [15 - 17].

A nanocrystalline structure, which is a polycrystal-
line structure with relatively small grain sizes (ranging
from a few nanometers to several tens of nanometers) and
a high density of non-equilibrium grain boundaries, can
be obtained not only through intense deformation but also
through sufficiently rapid cooling, where the recrystalli-
zation process is suppressed during grain growth, lead-
ing to the formation of numerous small grains [18; 19].
Through computer modeling in studies [20 — 23], it has
been shown, for example, that nanoparticles of pure metals
crystallize with a nanocrystalline structure with high
grain boundary density and an average grain size of only
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a few nanometers when cooled at a rate of approximately
1012 K/s from the molten state. In studies [20; 22; 23],
it was demonstrated that at a cooling rate exceeding
1013 K/s, homogeneous crystallization does not have time
to occur, and the cooled particles in the molecular dyna-
mics model exhibit an amorphous structure.

The interaction of impurity atoms of light elements
with metals is of significant scientific and technological
interest. Even at low concentrations, atoms of carbon,
nitrogen, and oxygen significantly affect the proper-
ties of metals. Despite the importance of understanding
the mechanisms and processes underlying the influence
of alloying with light element impurities on the proper-
ties of metals, many questions regarding the behavior
of impurities at the atomic level in the metallic matrix
remain unresolved. One such question is the determina-
tion of the impact of impurities on phase transitions, par-
ticularly the exploration of ways to control the tempera-
ture intervals of phase existence in metallic nanomaterials
by varying impurities. This study is devoted to inves-
tigating, at the atomic level using molecular dynamics,
the crystallization process of austenite nanoparticles and
the effect of carbon impurity on these processes.

[ MODEL DESCRIPTION

For describing Fe—Fe interactions in austenite, the
Lau EAM potential [24] was used, which accurately
reproduces the structural, energetic, and elastic charac-
teristics of austenite [24; 25]. To describe the interactions
of iron atoms with carbon atoms and carbon atoms with
each other in the metal matrix, Morse potentials [26] were
used, determined based on experimental data on the dis-
solution energy and migration energy of carbon impurity
atoms in the austenite crystal, atomic radii, their electro-
negativity, binding energy, and other characteristics.

In the model, a spherical austenite particle was ini-
tially created by cutting out a sphere of the appropriate
size from an ideal FCC crystal. Particles with diameters
ranging from 1.5 to 12.0 nm were considered. The par-
ticle was placed in a rectangular parallelepiped calcula-
tion cell with periodic boundary conditions. Although free
conditions (i.e., the absence of any boundary conditions)
can be used for this model, periodic boundary conditions
were employed in this study to ensure that atoms evapora-
ting from the particle surface at high temperatures do not
escape far from the particle but remain within the calcu-
lation cell. The distance between the walls of the calcu-
lation cell was sufficiently large to prevent interaction
between the particle and its virtual duplicate [27; 28].

Carbon impurity atoms were introduced randomly
throughout the entire volume of the metallic particle.
The impurity concentration varied from 0 to 10 at. %.
After creating the initial spherical particle, structural
relaxation was performed to establish the equilibrium
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atomic structure. Temperature control was carried out
using the Nose-Hoover thermostat. The temperature in
the model was set by adjusting the atomic velocities.
The time integration step in the molecular dynamics
method was 1 fs.

The resulting particles were used as starting points
for simulating the gradual heating and subsequent cool-
ing of the particles. For particles of each size, simula-
tions were conducted with constant heating rates from
the monocrystalline state to temperatures significantly
exceeding the melting point (from 600 to 2000 K for
larger particles and generally up to 1800 K for relatively
small particles) and reverse cooling from the molten state
to 600 K (for crystallization simulation). The tempera-
ture change during heating and cooling was carried out
at a constant rate by correspondingly adjusting the velo-
city magnitudes of all atoms in the model. It is known
that when cooling melts at rates above 103 —10'% K/s,
homogeneous crystallization does not have time to occur
even in pure metals, resulting in metallic glasses [29; 30].
At the same time, as shown in studies [20 — 23] and
will be demonstrated below, cooling rate of 10'2 K/s is
sufficient for crystallization to occur.

[ RESULTS AND DISCUSSION

The average potential energy of an atom was chosen as
the primary characteristic of the state of the nanoparticle
structure. Fig. 1 shows the dependence of the average
atomic energy on temperature for particles with diame-
ters of 8.0 and 2.5 nm during heating from the monocrys-
talline state and reverse cooling from the melt at differ-
ent temperature change rates: 5-10'', 10'> and 5-10'2 K/s.
The sharp changes in the average atomic energy on
the graphs apparently correspond to phase transitions:
during the increase — melting, and during the decrease —
crystallization. As is well known, the melting — crystal-
lization phase transitions do not occur instantaneously;
the crystal — liquid front moves at a finite speed, depen-
ding on the temperature, and usually ranges from several
tens of meters per second [31; 32]. No stationary crys-
tal — liquid front was observed; once formed, this front
typically moved until the entire particle melted or crys-
tallized. In light of the above, the phase transition tem-
peratures were determined by the moment of their onset
(indicated by arrows in Fig. 1).

Crystallization during gradual cooling from the melt
occurred at a temperature significantly lower than
the melting point. This substantial difference between
the melting temperature (7)) and the crystallization
temperature (7)) in nanoparticles is a well-known phe-
nomenon in modeling [20; 22; 33]. As shown, the crys-
tallization process is more sensitive to the rate of tem-
perature change than melting: for all three rates, the onset
of melting is roughly the same, while the crystallization
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Fig. 1. Dependences of the average potential energy of an atom
on temperature at different heating/cooling rates of austenite
nanoparticles with a diameter of 8.0 (a) and 2.5 nm (b):

1 —heating of a single crystal particle;

2 — cooling of a particle from the molten state;

T, —melting point; T — crystallization temperature

Puc. 1. 3aBUCHMOCTH CpeiHEH OTEHIIMAIBHON SHEPTUH aToMa
OT TeMIEepaTypbl IPH PA3HOH CKOPOCTH HArPEBAHUS/OXIaXKICHHS
HaHOYACTHI aycTeHuTa quamerpom 8,0 (@) u 2,5 um (b):

] — HarpeB MOHOKPUCTAJUINYECKOH YaCTHULIbI;

2 — OXJIa’K/IEHUE YaCTHILIbl U3 PACILIABIEHHOTO COCTOSHUSI;

T, — Temneparypa niaejienus; 7, — Temreparypa KpucTaun3aiiu

onset temperatures vary considerably. At a cooling rate
of 5-10'2 K/s, crystallization only partially occurred for
the 8.0 nm particle (as indicated by the relatively small
drop in average atomic energy) and did not occur at all
for the 2.5 nm particle (Fig, 1, a). As is well known,
homogeneous crystallization involves two stages: nuclea-
tion of crystalline nuclei followed by their growth, i.e.,
the advancement of the crystallization front. These stages
occur sequentially, and once stable nuclei are formed,
the front moves at approximately the same speed as during
melting, as evidenced by the similar slopes of the graphs
during melting and crystallization in most cases.

It should be noted that for the 8.0 nm particle, after
crystallization, the average atomic energy is higher than
in the initial monocrystalline particle (Fig. 1, a, curve 2),
and the higher the cooling rate, the greater this difference.
This is explained by the formation of a nanocrystalline
structure after crystallization, characterized by higher
average atomic energy values compared to the monocrys-
talline particle due to the presence of grain boundaries and
other defects. The higher the cooling rate, the less time is
spent on structural relaxation, and the higher the defect
density in the cooled particle.

As the particle diameter decreased, the dependence
of the average atomic energy on temperature under-
went qualitative changes. Firstly, the energy difference
between the crystalline and amorphous states was notice-
ably smaller compared to larger particles (Fig. 1, b). This
is likely due to the relatively higher proportion of sur-
face atoms in this case. Moreover, for smaller particles,
the energy value fluctuations were higher, and the error
in determining phase transition temperatures was greater,
due to the relatively smaller number of atoms in them.

Another important change in the graphs with decreas-
ing particle size was the decrease in melting and crystal-
lization temperatures, as well as the stronger influence
of the cooling rate on the crystallization temperature.
This is obviously a consequence of the higher propor-
tion of surface atoms as the particle diameter decreases.
At a cooling rate of 5-10'> K/s, crystallization did not
occur at all for particles with diameters smaller than 3 nm,
as evidenced by the absence of a downward energy jump
corresponding to crystallization (e.g., Fig. 1, b, curve 2).

Fig. 2 shows the atomic structure in a cross-section
of particles with an 8.0 nm diameter, obtained using
a crystalline phase visualizer. This visualizer determines
the affiliation of each atom to a particular crystalline
structure by analyzing the arrangement of neighboring
atoms [34]. As seen in Fig. 2, with increasing cooling
rate, grain sizes decrease, and the number of structural
imperfections, including grain boundaries, increases.
At a cooling rate of 5-10'"! K/s, judging by the very close
positioning of curves / and 2 in Fig. 1, i.e., the slight dif-
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Puc. 2. AtomHas cTpyKTypa uacTHl] aycTeHHTa JuamMeTpoM 8,0 HM,
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@ Fe (amorf.)
@ Fe (crystal.)

Fig. 2. Atomic structure of austenite particles with a diameter
of 8.0 nm, free of carbon impurities, in a section obtained
as a result of crystallization at a cooling rate
of 510" (@), 10'? (b) and 5-10" K/s (c)

HE COZIepIKAILNX TIPUMECH yIIepo/a, B cpe3e, MOIyYeHHas
B pe3yIbTaTe KPUCTAUTU3AIMH [IPH CKOPOCTH OXJIAKICHHUSI
5:10" (a), 10" (b) m 5-10" K/c (¢)

ference between the average energy of monocrystalline
and crystallized particles, crystallization likely occurred
often with the formation of low-energy grain boundaries
(with a high density of coincident sites: special bounda-
ries, twins).

To mathematically describe the influence of the free
surface of nanoparticles on their melting temperature,
a formula based on the assumption that the phase tran-
sition temperature change is proportional to the surface
area-to-volume ratio of the particle is often used [35 — 37],
i.e., for a spherical particle, this change should be propor-
tional to N-3 or d~! (where N is the number of atoms
in the particle; d is the particle diameter). In this study,
the assumption for the crystallization temperature was
used, with an added correction & accounting for the finite
thickness of the particle’s surface layer:

70 1_ o,
i -11- W

where 7. and T are the crystallization temperatures
of the particle and bulk material, respectively; a, is
a parameter that accounts for the extent of the particle
surface’s influence on its crystallization.

Formula (1) was used to construct an approximation
curve for the dependence of the crystallization temper-
ature of nanoparticles on their diameter (dashed lines
in Fig. 3). As can be seen, for cooling rates of 10'> K/s
and 5-10'"" K/s, the values obtained in the model (shown
by markers in Fig. 4) closely match the approximation
curves, confirming the leading role of the free surface
not only in the melting process but also in the crystal-
lization of nanoparticles. The parameter values for cal-
culation by formula (1) were as follows (1): 7 = 1190 K,
o, =0.38 K-nm, 3 = 0.4 nm for a cooling rate of 5-10'" K/s
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Fig. 3. Crystallization temperature of an austenite particle depending
on its diameter at different melt cooling rates

Puc. 3. Temnieparypa KpuCTaJUIN3aIMN YaCTHUIIbI ayCTCHUTA
B 3aBUCHMOCTH OT €€ JUaMeTpa IpH Pa3HOH CKOPOCTH
OXJIAXK/ICHHS pacIuiaBa



I1ZVESTIYA. FERROUS METALLURGY. 2024;67(4):440-448.
Zorya L.V, Poletaev G.M., etc. Molecular dynamics study of the influence of carbon impurity on austenite nanoparticles crystallization ...

and 7= 1190 K, 0o, = 0.49 K-nm, § = 0.4 nm for a cool-
ing rate of 102 K/s.

As shown in the dependencies in Fig. 3, the crystalli-
zation temperature increases as the cooling rate decrea-
ses. This fact confirms that the formation of nucleation
sites is a probabilistic process requiring a relatively long
time for the formation of stable nuclei. At a cooling
rate of 5-10'2 K/s, particles with diameters smaller than
3 nm did not crystallize (triangular markers in Fig. 3).
The error in determining the onset of crystallization at
this rate was higher than at the other rates considered.
Nevertheless, it is clear that at the highest of the rates
considered, 5-10'2 K/s, crystallization occurs at lower
temperatures than at lower rates.

The introduction of carbon impurity led to a decrease
in the crystallization temperature. Fig. 4 shows the de-
pendence of the crystallization temperature on particle
diameter (Fig. 4, a) and carbon impurity concentra-
tion (Fig. 4, b). The following parameter values were
obtained for calculation using formula (1): 7’ = 1155 K,
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[ ©n,//a ® Fe—C (3 at. %)
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Fig. 4. Dependences of crystallization temperature of an austenite
particle during cooling at a rate of 10'2 K/s on the particle diameter
at different concentrations of carbon impurity (@) and on carbon
concentration at different particle sizes (b)

Puc. 4. 3aBUCHMOCTH TeMIIEpaTypbl KPHCTAJUTN3ANH JaCTUIIBI
AyCTEHHTA IIPH OXJIAXKICHHHU co ckopocThio 10'? K/c ot uamerpa
YaCTHUIIBI TIPU Pa3HBIX KOHIIEHTPALMSX MpUMecH yriepona (a)

U OT KOHIIEHTPAI[UHU yIIIepoa IPH Pa3HBIX pa3Mepax dacTul (b)

© Fe (amorf.)
@ Fe (crystal.)
e C

Fig. 5. Atomic structure of austenite particles with a diameter
of 8.0 nm containing 3 at. % carbon, in the section obtained
as a result of crystallization at a cooling rate
of 510" (@), 10'? (b) and 5-10" K/s (c)

Puc. 5. AtomHas cTpyKTypa yacTHI| aycTeHHTa JuamMeTpoM 8,0 HM,

cozepxkamux 3 at. % yrieposa, B cpese, MoIydeHHast
B pe3yibTaTe KPUCTAJUIN3AINH IIPA CKOPOCTH OXJIaXKICHHS
5-10" (a), 10" (b) m 5-10" K/c (¢)
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o, = 0.57 K-nm for a concentration of 3 at. %, TCO =1120K,
a,=0.59 K-nm for a concentration of 6 at. %. The &
value, which reflects the width of the surface layer, was
found to be the same in all cases — 0.4 nm.

As the carbon concentration increased within the con-
sidered impurity atom concentration range, the crystalli-
zation temperature of the austenite particle decreased sig-
nificantly: by nearly 200 K at a concentration of 10 at. %
(Fig. 4, b). Carbon atoms, diffusing in the metal lattice,
often formed clusters consisting of several carbon atoms
(Fig. 5). These clusters distorted the emerging metal
crystal lattice around them, hindering crystallization.
Crystallization nuclei formed predominantly in the par-
ticle volume, followed by the intensive growth of crystals
and the formation of a polycrystalline structure.

Fig. 5 shows the atomic structure of particles with
a diameter of 8.0 nm, containing 3 at. % carbon, crystal-
lized at different cooling rates. Comparing the structures
shown in Fig. 2 for particles without carbon impurity, it is
evident that the number of structural imperfections, grain
boundaries, and other defects is significantly higher in
the presence of carbon. The most notable difference was
observed at the lowest cooling rate considered: 5-10' K/s.
Without carbon impurity, the particle crystallized with
a much lower defect density (Fig. 2, ¢) than in the pre-
sence of carbon (Fig. 5, ¢). In the latter case, the structure
was almost indistinguishable from the structure obtained
during cooling at a rate of 10'2 K/s (Fig. 5, b). Carbon
impurity atoms, especially clusters of them, predomi-
nantly settled at grain boundaries and triple junctions.

[ ConcLusIONS

A study using molecular dynamics was conducted
to investigate the struc-tural formation during the crys-
tallization of austenite nanoparticles in the presence
of carbon impurity. The effects of melt cooling rate, par-
ticle size, and carbon atom concentration on the crystal-
lization process, resulting structural features, and crys-
tallization onset temperature were examined. It was
shown that the formation of a nanocrystalline structure
in nanoparticles can be controlled by varying the cool-
ing rate and introducing carbon impurity. In the model
used, at a cooling rate above 10" K/s, crystallization did
not occur; at a rate below 5-10'2 K/s, the austenite par-
ticles crystallized, forming a nanocrystalline structure.
Additionally, as the cooling rate decreased, the defect
density in the final structure also decreased. At a cooling
rate of 5-10'' K/s or less, crystallization of carbon-free
particles resulted in the formation of low-energy grain
boundaries (with a high density of coincident sites: spe-
cial boundaries, twins).

The crystallization temperature at a cooling rate below
10! K/s is inverse-ly proportional to the particle diameter:
as the particle size decreases, the proportion of the free
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surface increases, which reduces the probability of crys-
talline nuclei formation. Additionally, the crystallization
temperature increases as the cooling rate decreases.

The introduction of carbon impurity led to a decrease
in the crystallization temperature of nanoparticles:
in the presence of 10 at. % carbon, the temperature
decreased by approximately 200 K for particles of diffe-
rent sizes. Carbon atoms often formed clusters consist-
ing of several atoms. These clusters distorted the forming
metal crystal lattice around them, hindering crystalliza-
tion. In the presence of carbon impurity, the final struc-
ture of the crystallized particles contained a higher den-
sity of grain boundaries and other defects. Carbon atoms,
especially in clusters, predominantly settled at grain
boundaries and triple junctions.
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METANNYPITMYMECKUX MPOLIECCOB

Original article
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THERMODYNAMIC ASPECTS OF WO3 TUNGSTEN OXIDE REDUCTION
BY CARBON, SILICON, ALUMINUM AND TITANIUM

L. P. Bashchenko!, Yu. V. Bendre?, N. A. Kozyrev?,
A.R. Mikhno!®, V. M. Shurupov?, A. V. Zhukov'!

! Siberian State Industrial University (42 Kirova Str., Novokuznetsk, Kemerovo Region — Kuzbass 654007, Russian Federation)
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Abstract. The development and research of new materials for machine parts of the mining and metallurgical complex by the method of surfacing with
flux cored wire has a lot of attention nowadays. Flux cored wires are widely used for surfacing of steels with high wear resistance, in which reduced
tungsten in the form of ferroalloys, ligatures and metal powder of various degrees of purity are used as fillers. However, due to the scarcity and
high cost of tungsten, its rational use is an urgent task. For practical application, the technology of surfacing with tungsten-containing flux cored
wire is of interest; using it the maximum extraction of tungsten into the deposited layer is achieved due to reduction processes in the arc. In order
to increase the beneficial use of tungsten, the technologies of indirect alloying with tungsten during surfacing under the flux of flux cored wires, in
which tungsten oxide is used as a filler on the one hand, and reducing agent — on the other, deserve consideration. It can be expected that during arc
discharge, tungsten and (or) chemical compounds of tungsten with reducing agents can be formed during the surfacing process. This paper presents
the results of a comparative analysis of the thermodynamic processes of tungsten oxide reduction by carbon, silicon, aluminum and titanium during arc
discharge occurring during surfacing with flux cored wires under a layer of flux. The thermodynamic analysis of 41 reactions in standard states showed
that the presence of reducing agents (carbon, silicon, aluminum, titanium) in the flux cored wire used for surfacing will contribute to the formation
of silicides and tungsten carbides, and, possibly, tungsten itself. It was determined that the best state for the participation of tungsten oxide in reactions
in the arc is WO,(g) gaseous state.

Keywords: reduction, tungsten oxide, thermodynamics, standard Gibbs energy of reaction, carbon, silicon, aluminum, titanium, non-metallic inclusions,
thermodynamic probability of reaction

For citation: Bashchenko L.P., Bendre Yu.V., Kozyrev N.A., Mikhno A.R., Shurupov V.M., Zhukov A.V. Thermodynamic aspects of WO, tungsten
oxide reduction by carbon, silicon, aluminum and titanium. /zvestiya. Ferrous Metallurgy. 2024;67(4):449-456.
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TEPMOAUHAMMUYECKUE ACMNEKTbI
BOCCTAHOBJ/IEHUA OKCUAA BOJ/Ib®PAMA WO3
yrneeogom, KPEMHUEM, ATIOMUHUEM U TUTAHOM

JI. I1. Bamenkol, 10. B. Benape!, H. A. Kossipeg?,
A. P. MuxHo!“, B. M. lllypynos’, A. B. JKykos?!

1 Cubupckmii rocy1apcTBeHHbINH HHAYCTPHAILHbIH ynusepentert (Poccus, 654007, Kemeporckas o6, — Kys6ace, HoBokysHenk,
yi1. Kupoga, 42)

2 IleHTpaIbHbIi HAyYHO-HCCIeI0BATEILCKHIT MHCTHTYT YepHoii MeTamaypruu um. WLII. Bapauna (Poccus, 105005, Mocksa,
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AnHomayus. B Hacrosmee BpeMsi pa3pabOTKe W MCCIECAOBAHUIO HOBBIX MAaTEpHAiOB JUIS JETale MallMH FOPHO-METAJLTypIH4ecKoro KOMILIeKca
METOJIOM HAIUIaBKH ITOPOIIKOBOM MPOBOJIOKOW yzenseTcs Oosbinoe BHUMaHue. lllupokoe pacrnpocTpaHeHue /Ui HAaIUIaBKU CTajel C BBICOKOM
M3HOCOCTOMKOCTBIO MOJIYYHJIM MOPOIIKOBBIE IPOBOJIOKH, B KOTOPBIX B KAaueCTBE HAIOJHHUTENCH MCIOJIB3YeTCs BOCCTAHOBJICHHBII BOJb(pam
B BHZE (eppOCIUIABOB, JIUTATYP M METAJUIMYECKOrO MOPOLIKA Pa3IMYHON CTeneHH YNCTOThL. OIHAKO B CBSI3U C AC(UIMTHOCTBIO U BBICOKOH CTOM-
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Bbawenko JLI1., Bendpe I0.B. u dp. TepMmopriHaMU4eCKre acneKThl BOCCTAHOBJIEHUs oKcrga Bosbdpama WO, yriieposioM, KpEMHUEM ...

MOCTBIO BOJIb(hpama akTya bHOH 3a/1a4eil SBISETCS €ro paloHaIbHOE UCHIONIb30BaHKe. [y MPAKTUYECKOro MIPUMEHEHHUS MIPEJICTaBISIeT HHTepecC
TEXHOJIOTHsI HAIUIABKU BOJb()paMCcoieprKalieil OPOLIKOBO TPOBOJIOKOH, NP UCHOJIL30BAHMN KOTOPOH JJOCTUraeTCs MaKCUMAlIbHOE U3BICUECHUE
BoJb()paMa B HAIUIABJICHHBIN CJIOH 3a CUYET BOCCTAHOBHTEIBbHBIX MpOLECcCOB B ayre. C LENbIO MOBBIMICHUS TIOJIE3HOTO HMCIIOJIb30BAHUS BOJIb-
(hpama 3aciry’)KUBAIOT PACCMOTPEHHUS TEXHOJIIOTHH KOCBEHHOTO JISTUPOBAHUS BOJIL(PaMOM IpH HAIUIABKe MO (BII0OCOM M3 HOPOIIKOBBIX ITPOBOJIOK,
B KOTOPBIX B Kau€CTBE HAIIOJIHUTEIIS UCIIONb3YIOTCS, C OHOM CTOPOHBI — OKCUJL BOIb(pama, a ¢ Ipyroi — BOCCTaHOBUTEIH. MOXKHO OXKHIATh, YTO
P JlyTOBOM pa3psijie B MPOLecCe HAIIABKK MOT'YT 00pa30BBIBATHCS BOJIb(PaM M (MIIM) XUMUUECKHE COSMHEHHs BOb(paMa ¢ BOCCTAHOBHUTE-
JsiMU. B Hacrosiuelt padoTe npeacTaBieHbl pe3yabTaThl CPABHUTENIBHOTO aHANIN3a IPOTEKAHHS TEPMOJMHAMHYECKUX MTPOLECCOB BOCCTAHOBICHUS
OKCHJIa BOJIb(hpamMa yriiepooM, KpeMHUEM, AIIOMUHUEM M TUTAHOM IIPU JIyTOBOM pPaspsijie, BOZHUKAIOLIEM BO BPEMs HAIUIABKU MOPOLIKOBBIMH
poBosIoKamMu 1oz cioeM (uitoca. [IpoBeieHHbIN TepMOANHAMUYECKHI aHann3 41 peakiuu B CTAHAAPTHBIX COCTOSHUSIX [TOKA3all, YTO HAINYUC
B HCIIOJIB3YEMOM JUTsl HATUIABKH MOPOIIKOBO# TPOBOJIOKE BOCCTAHOBUTEIEH (Yriieposia, KpeMHUsI, AIIOMUHNS, THTaHa) Oy/IeT CrIocoOCTBOBATh 00pa-
30BaHUIO CUIIMLIUJOB U KapOua0B Boib(paMa, a, BO3MOXKHO, U caMoro Bojib(dpama. ONpeneneHo, YTo JIydlInM COCTOSIHUEM Ul y4acTHs OKCHIA
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[ INTRODUCTION 2/3WO,(s, 1) +2C(s, 1) = 2/3W(s, 1) + 2CO(g); (1)
For over 40 years, the use of surfacing with weld- 2/3WO0,(g) +2C(s, 1) = 2/3W(s, 1) +2CO(g);  (la)

ing flux cored wire has been widely adopted. Combining

this with advanced surfacing methods allows for solv- 2/3WO,(s, 1) + C(s, ) =2/3W(s, ) + CO,(g);  (2)

ing complex technological challenges at a fundamentally

new level [1 —3]. 13WO,(s, 1) + CO(g) = 1/3W(s, ) + CO,(g);  (3)
Developing technology for applying wear-resis-

tant surfacing involves several key stages: analyzing W(s, 1)+ C(s, 1) = WC(s, 1); “4)

the nature of the part’s wear; assessing the weldability

of the structural material and the permissible changes in W(s, ) +172C(s, ) = 172W,C(s, D; ©)

the part’s geometry due to the thermal effects of surfac-

ing; selecting a wear-resistant alloy; choosing a surfacing 23WO4(s, 1) + 5/3C(s, 1) =

method; and developing surfacing regimes [4 — §]. =2/3WC(s, 1) + CO,(g); (6)
Recently, particular attention in manufacturing flux

cored wire has been given to selecting charge mate- 2/3WO,(s, 1) +4/3C(s, 1) =

Fials [9 — 11]. One component of .these charge material.s = 1/3W,C(s, 1) + CO, (2); (7)

is tungsten powder. Tungsten coatings are noted for their

high wear resistance under “metal-to-metal” friction at

1/4WO,(s, ) + 5/4CO(g) =

elevated temperatures, as well as good heat and ther- D ©®

mal resistance. They are mainly used in metallurgy and = 1/4WC(s, 1) + CO,(g); (8)

mechanical engineering for surfacing hot rolling rolls,

hot cutting knives for metal, hot rolling stamps, and simi- 2/TWO,(s, 1) + 8/7CO(g) =

lar applications [12 — 15]. However, due to the high cost = 1/TW,C(s, 1) + CO,(2); 9)

of pure powder and the absence of domestic manufac-

turers of this component within ‘t‘he RHss1an Federation, 23WO.(s, 1) + 83C(s, 1) =

proposals have arisen to replace “pure” tungsten powder 3

with tungsten oxide [16 — 18]. =2/3WC(s, 1) +2CO(g); (10)
This work aims to conduct a comparative thermody- B

namic assessment of the likelihood of the reduction pro- 213WO(s, ) +7/3C(s, 1) =

cesses of tungsten oxide (WO,) by carbon, silicon, alu- = 1/3W,C(s, 1) + 2CO(g); (11)

minum, and titanium during the arc discharge that occurs

when surfacing with flux-cored wires under a layer of flux. 2/3WO,(s, 1) + Si(s, 1) =

[l MATERIALS AND METHODS = Si0,(s, ) + 2/3W(s, 1; (12)
A thermodynamic assessment was conducted to eva- 2/3WO,(s, ) +7/38i(s, ) =

luate the likelihood of the following reactions: =Si0,(s, 1) + 2/3WSi,(s, 1); (13)
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2/3WO,(s, 1) + 21/15 Sis, 1) =
= Si0,(s, 1) + 2/15W.Siy(s, );

W(s, 1) + 2Sis, 1) = WSi(s, D);

W(s, 1) + 3/58i(s, 1) = 1/5W Siy(s, 1);

(14)
(15)
(16)

2/3WO,(s, 1) + 2Sis, 1) = 2Si0(g) + 2/3W(s, 1); (17)

2/3WO,(g) + 2Si(s, 1) = 28i0(g) + 2/3W(s, 1);

2/3WO,(s, 1) + 10/3Si(s, 1) =
= 28i0(g) + 2/3WSiy(s, 1);

2/3WO,(s, 1) + 36/15 Si(s, 1) =
= 28i0(g) + 2/15W Sij(s, 1);

23WO,(s, 1) + 4/3A1(s, 1) —
— 23W(s, 1) + 2/3ALO,(s, 1);

2/3WO,(g) + 4/3Al(s, 1) —
— 23W(s, 1) + 2/3ALO,(s, D);

2/3WO,(g) + 4/3Al(s, 1) —
— 23W(s, 1) + 2/3ALO,(s, D);

2/3WO(g) + 4/3A1(1) —
— 23W(s, 1) + 2/3ALO,(s, D);

23WO,(g) + 4/3Al(g) —
— 23W(s, 1) + 2/3ALO,(s, D);

2/3WO,(g) +2/3Al,(g) —
— 23W(s, 1) + 2/3ALO,(s, D);

23WO,(g) + 4/3Al(g) —
— 23W(1) + 2/3ALO (s, 1);

23WO,(g) + 4/3Al(g) —
— 23W(g) + 2/3ALO,(s, I);

23WO,(g) + 4/3Al(g) —
— 23W(s, 1) + 2/3AL0(1);

23WO,(g) + 2Al(g) — 2/3W(s, 1) + 2A10(g);
23WO,(g) + Al(g) — 2/3W(s, 1) + AlO,(g);
23WO,(g) + 4Al(g) — 2/3W(s, 1) + 2AL,0(g);

2/3WO,(g) + 2A1(g) — 2/3W(s, 1) + ALO,(g);

(17a)

(18)

(19)

(20)

2D

(22)

(23)

24

(25)

(26)

27

(28)
(29)
(30)
€2))

(32)

2/3WO,(g) + 2A1,(g) — 23W(s, ) + 2ALO(g);  (33)

2/3WO,(s, 1) + 2Ti(s, 1) =
=2/3W(s, 1) + 2TiO(s, 1); (34)

2/3WO,(g) + 2Ti(s, 1) =
= 2/3W(s, 1) + 2TiO(s, 1); (34a)

2/3WO(s, 1) + 4/3Ti(s, 1) =
= 2/3W(s, 1) + 2/3Ti,0(s, 1); (35)

2/3WO(s, 1) + 6/5Ti(s, 1) =
= 2/3W(s, 1) + 2/5Ti,0(s, 1); (36)

2/3WO(s, 1) + 8/7Ti(s, 1) =
= 2/3W(s, 1) + 2/7Ti,0,(s, 1); (37)

2/3WO(s, 1) + Ti(s, 1) =
= 2/3W(s, 1) + TiO(s, I). (38)

The necessary thermodynamic characteristics
of reactions (1) — (38) for the comparative assessment
of the reductive properties of carbon, silicon, aluminum,
and titanium with respect to tungsten oxide WO, in stan-
dard conditions [A H°(T), A S°(T), A G°(T)] for reac-
tants in solid crystalline (s), liquid (1), and gaseous (g)
states, depending on temperature, were calculated using
well-known methods [19]. These calculations were per-
formed over the temperature range of the welding arc
(1500 — 3500 K) based on the thermodynamic proper-
ties [[H°(T) - H*(298.15K)], S°(T), A H(298.15 K)]
of the WO,, W, C, CO, CO,, Si, SiO, SiO,,WSi,, W.Si,,
Al, Al,, Al,0,, AlO, AlO,, AlL,O, Al,0,, Ti, TiO, Ti,0,,
Ti,O4, Ti,O,, TiO,. The calculations used data from refe-
rence books [19; 20], and all reactions were written for
1 mole of oxygen.

In the temperature range of 1500 — 3500 K, the fol-
lowing phase transitions (melting, boiling) occur:
WO, (1745 K), W,C (3008 K), WC (3058 K), W.Si,
(2623 K), Si (1685 K), Si0O, (1696 K), Al (2791 K), Al,O,
(2327 K), Ti (1939 K), TiO (2023 K), Ti, O, (2115 K),
Ti,0, (2050 K), Ti,O, (1950 K), TiO, (2130 K).

[ RESULTS AND DISCUSSION

Among the solid crystalline reductants considered,
aluminum has the lowest melting point. After melting,
it is also expected to vaporize most easily.

To evaluate the potential impact of tungsten oxide
(WO,) evaporation in the arc on the thermodynamic
properties of the reactions, we calculated the thermody-
namic characteristics of 15 reactions. In these reactions,
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tungsten oxide was considered to be in its gaseous state
(WO, (g)) (reactions la, 17a, 22 — 33, 34a).

Reactions (4), (5), and (15), (16) are not reactions that
reduce tungsten oxide. Comparing their thermodynamics
with those of reactions (6), (7) and (13), (14) respec-
tively, shows a lower likelihood of forming tungsten
carbides and silicides from the direct interaction of tung-
sten with carbon (4), (5) and silicon (15), (16) than from
the reduction of tungsten oxide by carbon (6), (7) or sili-
con (13), (14).

The standard Gibbs energies of all 41 reactions,
grouped by the type of reductant and temperature, are
presented in the Table. The results and specific conclu-
sions regarding the effectiveness of each reductant (car-
bon, silicon, aluminum, titanium) are discussed in stu-
dies [21 — 23]. Compared to the work [23], the reactions
(34) — (38) for the reduction of WO, by titanium in this
study are written for 1 mole of oxygen (O,), not for
1 mole of Ti.

The next step was to select the most effective reduc-
tants and the optimal conditions for these reactions.

It is known that the partial derivative of the standard
Gibbs energy of a reaction with respect to tempera-
ture at constant pressure equals the standard entropy
of the reaction with an opposite sign:

(39

(6A,,G°(T)
or

] =—A S°(T).
P

From this equation, it follows that the nature
of the change in the standard Gibbs energy of a reaction
with temperature is determined by the sign of the reac-

tion’s standard entropy. In this context, Sg > Sp > S for
the same substance. Since the reactions (1) — (38) involve
substances in all three physical states, many reactions
exhibit significant changes in A G°(T) depending on
the temperature, both decreasing and increasing.

An analysis of the Table data shows that at 1500 K
A G°(T) changes from +58.44kJ for reaction (32)
to —929.12 kJ for reaction (31), and at 3500 K, it changes
from +1389.31kJ for reaction (32) to —803.92 kJ
for reaction (11). Given such significant differences
in A G°(T) values, it makes sense to focus on the most
thermodynamically probable reactions. These reactions
are marked with asterisks in the table, and the dependen-
cies of A G°(T) on temperature are shown in the Figure.

Clearly, the graphs in the figure visually separate
into three groups. The first group consists of the most pro-
bable reactions in the 1500 — 2500 K temperature range.
These are reactions (31), (33), (28), (23) between gaseous
WO, and aluminum, forming liquid or gaseous alumi-
num oxides. In the gas phase, the formation of aluminum
dimer (Al)) has a high probability of yielding tungsten
with AlO,(g) up to 3000 K (reaction (33)).

The second and larger group includes reactions (1),
(la), (11), (17), (17a), (18), and (19), which have a
high probability of occurring in the temperature range
of 2500 — 3500 K. In these reactions, the reductants are
carbon and silicon, known for their increasing reductive
properties as temperatures rise. Carbon and silicon also
tend to disproportionate when reacting with metal oxides,
especially those of active metals. This results in high
thermodynamic probabilities for reactions (11), (18),
and (19), where, alongside the oxides CO(g) and SiO(g)

AG(D), kI

1500 1700 1900 2100 2300 2500 2700 2900 3100 3300 3500

Temperature, K

Standard Gibbs energies of reactions (1) — (38) depending on temperature

Cranpaptabie sHeprun [ ndo6ca peakuuii (1) — (38) B 3aBUCHMOCTH OT TeMIiepaTypbl
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Standard Gibbs energies of reactions (1) — (38) depending on temperature

Cranpaprabie 3Hepruu 'no66ca peaxuuii (1) — (38) B 3aBUCHMOCTH OT TeMMepaTypbl

A G°(T), k], for T, K
Reductant Reaction 5D
1500 2000 2500 3000 3500
(H* —-172.23 | -326.83 | —469.26 | —607.39 | —742.27
(la)* -347.58 | —449.50 | 54597 | —-644.87 | —746.81
2) -81.04 —-151.09 | -210.61 -267.20 | -321.74
3) 5.08 12.32 24.02 36.49 49.40
4) -47.76 -54.97 —-63.57 —73.34 -83.87
Carbon (C) %) -35.11 -47.77 -61.80 -76.87 -92.47
arbon
6)* —-112.88 -187.74 | -252.99 | -316.10 | -377.65
(NH* -104.45 | —182.94 | -251.81 | -318.45 | —383.38
(8) 14.66 39.43 66.79 94.08 121.21
9 7.35 22,02 39.88 57.92 76.00
(10)* -204.07 | -363.48 | —511.64 | —656.29 | —798.18
(11)* —195.64 | -358.68 | —510.46 | —658.64 | —803.92
(12) -328.43 | -305.67 | -270.56 | —234.84 | —198.98
(13)* -43549 | 41430 | -377.62 | -362.83 | —348.71
(14) -361.28 | -337.12 | -298.79 | -267.13 | -237.75
(15) -160.59 | -162.95 | -160.59 | —191.99 | -224.60
Silicon (Si) (16) -49.27 -47.17 -42.35 -48.44 -58.16
a7n* -139.95 | -268.31 | -373.17 | -473.62 | -570.77
(17a)* -315.29 | -392.63 | 45724 | -520.75 | —-583.70
(18)* -247.01 -376.94 | -480.23 | —-601.61 -720.50
19)* -172.80 | -299.76 | —401.40 | -505.91 —-609.54
(20) —487.08 | —456.23 | —430.31 | -387.47 | -302.46
(21) -493.67 | —448.82 | —407.37 | -348.34 | -246.88
(22) —657.76 | —568.48 | —486.78 | —-390.80 | —-259.87
(23)* —657.75 | -568.48 | —486.78 | —420.08 | —356.00
(24) —-844.31 —681.37 | -527.86 | —390.80 | —259.87
(25) —-825.37 | —694.55 | -573.26 | —468.49 | -369.83
Alymi (A (26) -826.07 | —667.47 | —518.28 | —385.57 | —258.64
uminum
(27) -418.44 | -303.12 | —-197.12 | —-107.41 -23.50
28)* -824.33 | —-671.84 | -527.86 | -354.05 | -259.87
(29) -232.62 | -200.33 -169.51 -140.93 —114.48
(30) -103.20 | —66.548 | —30.876 3.831 37.348
3BhH* -929.12 | -768.84 | —609.48 | —451.04 | —-293.75
(32) 58.44 385.76 717.33 1052.17 1389.32
(33)* —-872.28 | —808.38 | —745.69 | —684.09 | —623.66
(34)* -491.61 -476.89 | —467.84 | —457.20 | —440.10
(34a)* —662.29 | -596.54 | —547.24 | -499.67 | —-453.08
Titani (T (35)* -431.27 | -417.72 | -403.45 -390.66 | —371.58
itanium (Ti
(36)* —-409.99 | -398.06 | —388.98 | —380.15 | —365.78
BN* -397.80 | —385.35 | -375.47 | -364.24 | -347.54
38)* -363.22 | 34496 | -325.39 | -308.68 | —-286.65
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(positive oxidation states of carbon and silicon), carbides
and silicides of various compositions (negative oxidation
states of carbon and silicon) are formed.

The third group includes reactions (34), (34a), (35),
(36), (37), (38). These involve titanium, which does
not readily vaporize or form gaseous oxides. Thus,
the graphs show a slight upward slope, indicating less
negative values A G°(T) with increasing temperature. As
with other reductants, the evaporation of WO, enhances
the thermodynamic likelihood of its reduction by tita-
nium (reaction (34a)). It can be concluded that titanium is
an effective reductant that performs well across the entire
temperature range of the welding arc.

The analysis of the thermodynamic properties
of the reactions showed that the presence of reductants
(carbon, silicon, aluminum, titanium) alongside tungsten
oxide (WO,) in the flux-cored wire used for surfacing,
either separately or together, will promote the formation
of tungsten silicides and carbides, and possibly elemental
tungsten. Tungsten oxide exhibits the highest reactivity
in its gaseous state WO,(g), which aligns perfectly with
the physical properties of WO,. In the literature, WO, is
described as “volatile upon calcination”.

Aluminum has the highest chemical affinity for gaseous
tungsten oxide WO,(g) in the form of Al(g) and the dimer
Al(g) in the temperature range of 1500 —3000 K.
The most likely oxidation product of aluminum is
Al,O(g), which suggests the absence of non-metallic
inclusions of Al,O,(s) in the deposited metal. Thus, alu-
minum is the most effective reductant at relatively low
temperatures in the arc.

Using silicon and carbon as reductants promotes
the formation of both tungsten and its silicides and car-
bides in the metal melt due to disproportionation reac-
tions, which are characteristic of these elements. Carbon
and silicon are the most effective reductants at the highest
temperatures in the arc.

Titanium is a quality reductant that performs its
reductive functions across the entire temperature range
of the welding arc. When titanium is used in the flux-
cored wire, it is likely to produce TiO,(s) and Ti,O,(s)
oxides as non-metallic inclusions in the deposited metal.

[ ConcLusions

Based on the available thermodynamic data for
the reactants, calculations were performed to determine
the properties [A H°(T), A S°(T), A,G°(T)] of the reac-
tions involving the reduction of tungsten oxide (WO,)
by carbon, silicon, aluminum, and titanium (41 reactions)
in their standard states within the temperature range
of 1500 — 3500 K.

The presence of reductants (carbon, silicon, alu-
minum, titanium) alongside tungsten oxide (WO,) in

454

the flux cored wire used for surfacing, either individually
or together, will promote the formation of tungsten sili-
cides and carbides, and possibly elemental tungsten.

Aluminum has the highest chemical affinity for gaseous
tungsten oxide WO,(g) in the forms of Al(g) and the dimer
Al(g) in the temperature range of 1500 —3000 K.
The most likely oxidation product of aluminum is
ALO(g), which suggests the absence of non-metallic
inclusions of Al,O,(s) in the deposited metal. Thus, alu-
minum is the most effective reductant at relatively low
temperatures in the arc. Using silicon and carbon as
reductants promotes the formation of both tungsten and
its silicides and carbides in the metal melt. Titanium is
an effective reductant across the entire temperature range
of the welding arc, and its use is likely to result in the for-
mation of TiO, and Ti,O, oxides as non-metallic inclu-
sions in the deposited metal.

The obtained data on the reduction of WO, provide
a basis for conducting practical experiments on incorpo-
rating tungsten oxide and reductants into the composition
of the flux cored wire charge.
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STRESS STATE OF BILLET — MANDREL SYSTEM
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Abstract. The paper presents the results of theoretical research of stress-strain state of a billet — mandrel system when producing steel hollow billets
in a unit of combined continuous casting and deformation, in which the working surface of the calibrated anvils are made with a variable radius.
The necessity of making the working surface of the calibrated anvils with a variable radius is substantiated and initial data for the calculations
is given. The calculation results are considered along the lines of the volumetric model passing through the characteristic points of deformation
centers. The authors determined the forces when the anvils compress the wall of a hollow billet and the force of pulling the hollow billet from
the mold. The laws of metal axial displacements and stresses in the deformation centers during compressing the wall of a hollow billet was established
at the combined process of continuous casting and deformation in the unit. Nature of the stressed state of the metal wall of a hollow billet is considered
from the perspective of improving its quality. The technique studied allows to determine the stress-strain state of a mandrel when producing a hollow
steel billet using such a unit. The authors provided the recommendations for reliable gripping and compression with calibrated anvils of a hollow steel
billet coming from a water-cooled copper mold of the unit of combined continuous casting and deformation.
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AHHoOmayus. B crartbe NpeACTaBICHBI PE3yJIbTaThl TEOPETHUESCKOTO HCCICIOBAHHS HAIPSIKCHHO-Ie()OPMUPOBAHHOTO COCTOSIHHS CHCTEMBI 3aro-
TOBKA — OIPABKa MPH MPOU3BOJCTBE CTAIBHBIX MOJIBIX 3ar0TOBOK HA YCTAHOBKE COBMEIIEHHOT'O HEMPEPBIBHOTO JUThS U Je(opManiiu, B KOTOPOi
paboure MOBEPXHOCTH KalIMOPOBAHHBIX OOMKOB BBINOJHEHBI C MEPEMEHHBIM paanycoM. OOOCHOBaHA HEOOXOAMMOCTH BBIIOIHEHHS pabodeit
MOBEPXHOCTH KAIMOPOBaHHBIX OOMKOB € MIEPEMEHHBIM PAJANYCOM U NPUBEIACHBI HCXOAHBIC JaHHbIE JUI pacyeToB. Pe3ynbrarsl paccMaTpuBaloTCs
T10 JINHUSAM 00BEMHOM MOJISITH, TIPOXOSIINM Yepe3 XapaKTepHbIE TOYKU 04aroB e(GopMarni. ABTOPBI ONPEACIUIN YCUITHS IPH 0OKaTHH OOHKaMK
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CTEHKH TOJIOI 3arOTOBKU U CUJTY BBITATMBaHUSA 1OJI0# 3arOTOBKHU M3 KpucTain3aTopa yCTaHOBKH. HccnenoBanbl 3aKOHOMEPHOCTHU OCEBLIX IEPE-
MeHIeHI/Iﬁ METallia u HaHpSI)KeHI/Iﬁ B ouarax L[e(bOpMaHI/II/I IIpU CXKXaTHH CTCHKH TIOJIOW 3arOTOBKH IIpu COBMCILICHHOM ITpOLECCE HECIPEPHLIBHOTO
JIUThSA U HE(i)OpMHpoBaHI/IH. XapaKTep HaIpsKEHHOI'O COCTOSTHUS METaJUIMYECKON CTEHKH IOJION 3aroTOBKH paccMaTpuBacTCsa C TOUKH 3pCHUS
TIOBBIIICHHUS €€ Ka4E€CTBA. I/ISY‘IGHHaﬂ MCETOMKA ITO3BOJIACT OIPEACINTD Hal'[p?[)KCHHO—L[e(i)OpMI/IpOBaHHOC COCTOSIHUC OITPpaBKU ITPHU U3TOTOBJICHUMN
MOJION CTaJIbHOM 3aroTOBKM C HUCIOJIb30BAHUEM YCTaHOBKH HEIPEPLIBHOI'O JIMTHS U J:LeQ)opMaum/I. ABTOpaMI/I TNIpEeACTaBJICHbI PEKOMEHAAUN 1JIs
OCYHICCTBJICHUS HAZIC)KHOTO 3aXBaTa U oOxKaTus KaJ’II/I6p0BaHHHMI/I OOlKaMH TOJI0i CTaIbHOMN 3aroToBKH, HOCTyHaIOIlIeﬁ n3 BOOOOXJIaXXIa€MOTro
MEIHOI'0 KpUCTAJIJIM3aTOpa YCTAHOBKH COBMEIIIEHHOI'O IPpOLECCa HENMPEPBIBHOI'O JINThS U neq)opmaupm.
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[ INTRODUCTION

The study [1] presents the results of calculating
the stress-strain state of the metal in the deformation cen-
ters during the production of steel hollow billets in a unit
of continuous casting and deformation, where the work-
ing surfaces of the anvils are made with a constant radius.
This paper presents the results of calculating the ben-
ding zone and the deformation center of the tube during
the compression of the billet by 5 mm with simultaneous
lowering of the anvil by 5 mm, where the anvil’s working
surface is made with a variable radius. This configuration
allows for reliable gripping and compression of the hol-
low billet by the anvils as it exits the unit’s mold.

[ CALCULATION RESULTS

The simulation involved compressing billet by 5 mm
(anvil movement of —5 mm along the X-axis) with simul-
taneously lowering the anvil by 5 mm (anvil movement
of =5 mm along the Z-axis).

The results are presented through points along lines in
the Y= 0 plane (Fig. 1).

The nature of the displacements and stresses is illus-
trated in Figs. 1 and 2.

In the Cartesian coordinate system, the displacement
and stress lines align with those in the cylindrical coordi-
nate system [2 — 4].

During compression of the hollow billet wall by
the anvils, the force along the X-axis is 694 kN, and along
the Y-axis, it is 384 kN. The pulling force of the billet
from the crystallizer along the Z-axis is 41 kN.

In addition to the graphs (Fig. 2), Table 1 provides spe-
cific values of displacements and stresses at points / — 15.
Since the maximum and minimum values of the para-
meters are not always located at these points, the maxi-
mum and minimum displacements and stresses along
these three lines are also provided.

From the data, it is evident that along the length
of the deformation center (line 2— 3 —4), at point 3,
the billet wall is compressed by 5 mm with simultaneous
movement of the billet by 5 mm in the casting direction
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(Table 1, Fig. 2, a). Notably, when the hollow billet wall
is compressed by the calibrated anvils, the metal displace-
ment along the X-axis decreases to 3 mm (point §), while
along the Z-axis, it increases to 6.6 mm (Fig. 2, b, point 9).

When compressing the hollow billet with anvils de-
signed with a variable radius working surface, the nature
of the metal’s stressed state in the deformation cen-
ter changes [5 —7]. In this case, the highest compres-
sive stresses arise in the billet wall along the X-axis
and line 3 — 8 — 13, with values of —152.0, —187.5, and
—190.0 MPa, respectively (Table 1, Figs.2,c,d, 3).
The maximum compressive stress (—190 MPa) occurs
at the contact surface between the hollow billet wall and
the mandrel (Table 1, point 73).

iI_, 5

¥y 15 10

Fig. 1. Location of points for representing the calculation results

Puc. 1. TTonoxeHne TOUEK JUISL TIPEICTAaBICHUS PE3YyIbTaTOB pacuycTa
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Fig. 2. Patterns of displacements (@) and stresses (b, ¢, d)
along the lines passing through points / —2 -3 —4—5 (a, b),
6-7-8-9-10(c)and 11 —12-13—-14—-15(d)
(billet compression with the anvil by 5 mm while simultaneous
lowering by 5 mm, working surface of the anvil
is made with a variable radius)

Puc. 2. Xapaxrep nepemenieHuit (a) u Hanpsokenuit (b, ¢, d)
T10 JINHUSIM, IPOBEJICHHBIM Yepe3 TOUKU
1-2-3-4-5(a,b),6-7-8-9-10(c)
ull—12-13- 14— 15 (d) (obxarue 3aroTOBKH OOHKOM Ha 5 MM
C OZIHOBPEMEHHBIM OITyCKAaHHEM IIOCIICIHEro Ha 5 MM, pabodas
MOBEPXHOCTh OOIKa BBIMOJIHEHA [0 TIEPEMEHHOMY PaJnyCy)

- CALCULATION OF THE STRESS-STRAIN STATE
OF THE MANDREL

The stress-strain state of a mandrel with a diameter
of 60 mm and a channel diameter of 10 mm was calcu-
lated. This was done by solving an elastoplastic problem
using the finite element method within the ANSY'S soft-
ware package [8 — 10].

Table 1. Results of calculation of displacements
and stresses at the points 7 — 5,6 — 10 and 11 - 15
(billet compression with the anvil by S mm
with simultaneous lowering of it by 5 mm;
working surface of the anvil is made with a variable radius)

Tabauya 1. Pe3ynbTaThl pacuera nepeMenieHuii

M HANpsIKeHUi B Toukax [ —5,6—-10un 11 - 15
(o0:xaTHe 3arOTOBKH 00IKOM Ha 5 MM ¢ 0IHOBpPEMEHHBIM
OIyCKAaHHEM Ioc/IeHero Ha 5 MM; padoyasi NOBEPXHOCTH

0oiika BBHINOJIHEHA M0 ePeMEeHHOMY Paanycy)

. Ibiplres- Stress, MPa
Point ment, mm
ux|vz| sx | sy | sz |sxz
Results along the line passing through points / — 5
1 -391 02 0 -22.7 | 05 0
2 —441-23| -91.0 | 434 87 | -77
3 —5.0 | 5.0 | -152.0 | -106.7 | -105.7 | 5.2
4 -041-62| 0.2 244 | 294 | 15
5 -0.1]-63| 2.1 | =52 0.9 1.2
Min ?lf“;g el g 1 02| 93 | 244 | 339 | 280
Max j‘lfnf el 50|63 -1550 | -127.0 | -112.8 | 243
Results along the line passing through points 6 — 10
6 —4.1] 02 0 7,1 0.5 0
7 23 ]-1.6 | 847 | -394 | 447 | =59
8 -3.0|-52|-186.5|-104.1 | —71.0 | 10.8
9 -03]-6.6| 249 | 54 | =235 | 9.1
10 0 |-63|-176 | =123 | -02 | -1.2
Min along line
610 0 |02 0 15.1 5.2 10.8
Max alongline |y 4 | 67 1884 | -104.1| -73.7 | 145
6-10
Results along the line passing through points 7/ — 15
11 0 |-1.6| -02 6.0 1.6 | 0.6
12 0.1 | 2.5 |-1064 | -52.4 | —43.0 | 313
13 —-0.1 | -3.7 | -190.0 | -131.2 | -117.6 | -39.1
14 0 |—-64| 420 | -11.3 | =155 |-123
15 0 |-63|-309 | -16.1 | -9.1 | =25
Min along line
115 0 |-14| -02 13.8 2.1 | 364
Max]j‘li’r}ihne ~0.1| -6.5 | ~190.0 | ~137.0 | ~137.2 | -48.6
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Fig. 3. Location of points for representing the calculation results
of the mandrel
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Fig. 4. Stress patterns along the lines passing through
the points /16 — 17— 18—-19—20:
a and b — compression by 5 and 11 mm

Puc. 4. Xapakrep HanpspKeHUI 10 JIMHUSAM, TIPOBEAESHHBIM
yepe3 Touku [6 — 17— 18— 19— 20:
aunb—obxarue 5u 11 Mm
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Table 2. Results of calculation at the lines’ points,
maximum and minimum values of the studied parameters
along the line passing through the points 76 — 20
(working surface of the anvil is made with a variable radius)

Tabauya 2. Pe3yabTaThbl pacuyeTa B TOUKAX JIMHMUIA,

a TaK/Ke MaKCMMaJIbHble 1 MUHUMAaJIbHbIe 3HAYeHU s
HccJIelyeMbIX IAPaAMeTPOB N0 JUHUH, IPOXOJsIei
yepe3 Touku 16 — 20
(pabouasi mnoBepXHOCTH 0OIiKa 10 MepeMeHHOMY PaJNyCy)

) iples- Stress, MPa
Point ment, mm
Uux | Uz SX SY SZ SXZ

16 -0.01 [ -0.08 0 0 3.90 0

17 -0.07 | -0.15| —66.90 |-13.20 | -10.00 | 19.60

18 -0.12 | -0.27 | =127.20 | -29.20 | —20.20 | -25.60

19 —0.06 | -0.27 | —56.80 | -30.10 | =37.00 | —22.10

20 0 |-025] 530 | —2.10 | —4.00 | -3.80
Min along

line 0 |-0.08 0 0 8.60 | 19.60
1620
Max along

line —0.12 1 -0.29 | —130.80 | —47.50 | =51.20 | —37.40
16-20

The simulation involved compressing the billet by
5 mm (anvil movement of —5 mm along the X-axis) while
simultaneously lowering the anvil by 5 mm (anvil move-
ment of —5 mm along the Z-axis).

The calculation results are provided along the line
passing through points /6 — 20 (Fig. 3). The stress dis-
tribution is shown in Fig. 4. In addition to the graphs,
Table 2 provides specific values of displacements and
stresses at points /6 — 20. Since the maximum and mini-
mum values of the parameters are not always located at
these points, the maximum and minimum displacements
and stresses along this line are also provided [14 — 16].

The data indicate that at the contact surface between
the mandrel and the billet wall in the deformation center
(along line 17 — 18 — 19), the mandrel experiences maxi-
mum compressive stresses (—130.8 MPa) in the direction
of the X-axis. This should be considered when select-
ing the structural parameters and material for the mand-
rel [17 —20].

[ ConcLusion

The regularities of metal displacement and axial stress
distribution in the deformation centers during the com-
pression of the hollow billet wall by anvils with a variable
radius working surface have been determined. The stressed
state of the mandrel during the production of steel hollow
billets in a unit of combined continuous casting and defor-
mation processes has also been established.
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Opuzuuaﬂbnaﬂ cmambus

STRESS-STRAIN STATE OF CERAMIC SHELL MOLD DURING FORMATION
OF SPHERICAL STEEL CASTING IN IT. PART 2

V. I. 0Odinokov, A. I. Evstigneev“, E. A. Dmitriev,
A. N. Namokonoy, A. A. Evstigneeva, D. V. Chernyshova

Komsomolsk-na-Amure State University (27 Lenina Ave., Komsomolsk-on-Amur, Khabarovsk Territory 681013, Russian
Federation)

&) diss@knastu.ru

Abstract. The paper presents the results of numerical calculations of the solution to the problem of modeling the process of possible cracking in a
spherical shell mold when pouring liquid steel into it and cooling the solidifying casting. The numerical scheme of the axisymmetric problem and
the algorithm for its solution were given in Part 1. The crack resistance is estimated by magnitude of the normal stresses in the ceramic shell during
its co-cooling with a solidifying casting. The results detailed analysis considered: fields of displacement, stresses, and temperatures both on spherical
surface and in growing crust of solidified metal. The solution took into account the change in the shear modulus of the mold material from temperature,
and an assessment of this refinement was given. The problem was solved in two ways. The first — with a constant shift modulus of the shell mold;
the second — with its temperature-dependent shift modulus. There is a significant difference between these variants in terms of magnitude of the normal
stresses arising in the shell mold. The authors analyzed resistance of the shell mold spherical geometry to external influences from its support filler and
filling funnel. The problem of determining the contact and free surfaces at the boundary of the shell mold and support filler was solved. The results
are presented graphically in the form of diagrams of stresses and temperatures over the studied area in its different sections and time intervals for
cooling of the growing metal crust. The role of compressive normal stresses 6,,, 6, on the surface of contact of the shell mold with liquid metal
at the initial moment of cooling on probability of cracking in a spherical mold is shown. The level of strain-stress state in a spherical shell mold when
cooling a steel casting in it is significantly determined by dependence of shift modulus of the shell mold on temperature.

Keywords: investment casting, shell mold, stressed state, modeling, cracking
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HANPAXEHHO-AE®OPMUPOBAHHOE COCTOAHUE
KEPAMMWYECKOU O60/104KOBOM ®OPMbI NPU ®OPMUPOBAHUMU
B HEU CTANNbHOM LUAPOOBPA3HOM OT/IUBKU. YACTb 2
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AHHomayus. B crarbe npuBeieHbl Pe3yIbTaThl YUCICHHOTO PELICHUS 33734l MO MOAEIMPOBAHHIO MPOIEcca BO3ZMOXKHOTO TPEIMHO0Opa3o-
BaHUs B 000510uk0BOi hopme (OD) mapoobpazHoil KOHUTYpALMK [IPU 3aJMBKE B HEE KHIKOH CTalM M OXJIAXKICHHUU 3aTBEp/eBalOIICi
oTuBKHU. YncIeHHAs cXxeMa 0CECUMMETPUYHON 3a/1a41 U aJITOPUTM pellieHus ObLIN MpUBeeHbI B YacTh 1. TpeumHocTOMKOCTh OlleHMBACTCS
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10 BEJIMYMHE HOPMAJIbHBIX HANpsDKeHUH B kepamuueckoir OD B mporecce ee COBMECTHOIO OXJIaXKACHUs ¢ 3aTBepeBaoniei ommBkoi. [Ipu
JIeTaJIbHOM aHAIHM3€e Pe3yIbTaToB OBLIM yYTEHBI IOJ IIepeMCeIIeHNH, HAalPsDKeHUH, TeMIepaTyp Kak B chepudeckoir OD, Tak u B HapacTa-
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[ INTRODUCTION

Previous studies on the influence of the stress-strain
state (SSS) on the crack resistance of shell molds (SM)
during the pouring of liquid metal and subsequent cool-
ing with the solidifying casting were conducted using
shell molds for investment casting (IC) in the form of ris-
ers with both cylindrical and spherical (sump) shapes.
Numerous theoretical and experimental investigations
have been carried out to identify the features of the SSS
in ceramic shell molds and the resulting castings in
investment casting. These studies examined various
factors, including the materials used in the investment
models [1; 2], the shape and geometry of the SM [3; 4],
the mold wall thickness [5; 6], the mold material [7; 8],
the geometry of the castings [9 — 11], methods for testing
mold strength, and more [12; 13].

Mathematical modeling of these processes has
also been presented in other works, covering mode-
ling methods [14], research [15 — 17], numerical mode-
ling [18 — 20], specialized mathematical models [21 — 23],
and software tools [24; 25].

The production of spherical and globular IC castings,
and consequently the resistance of the SM to cracking
during the formation of such castings, is of both scien-
tific and practical interest. The materials in this study are
focused on addressing this issue.

In [26], the general approach to constructing a math-
ematical model for determining the SSS and temperature
in an SM during the cooling of a spherical casting was
presented, along with the numerical scheme and algo-
rithm for solving the problem using developed software
packages [27; 28]. This study presents the results of theo-
retical and numerical research aimed at solving the out-
lined problem.
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[ MAIN BODY

In [26], the general problem of cooling a spherical
casting in a shell mold was described.

Fig. 1 illustrates the computational scheme of the pro-
cess under study, considering axial symmetry (where
the angle o defines the size of the gating window, and
the angle ¢ defines the extent of the SM’s coverage
by the supporting filler (SF)).

Initial date

Geometric parameters: § = 5 mm, R, = 20 mm.

Time intervals At : 0.1; 1.0; 2.0; 4.0; 5.0; 5.0; 5.0,
10.0; 10.0; 1.0; 2.0; 5.0; 1.0; 1.0; 3.0; 3.0; 5.0; 10.0;
10.0 s; the friction parameter on surface S, (Fig. 1) is
v =0.001.

Domain partitioning: N, xN, = 10x30.

Accepted physical parameters of the cast steel
at a temperature of 0> 1000°C (0, = 1500 °C):
G = 1000 kg/mm? (shear modulus); a=12-10"°C"!
(coefficient of linear expansion); A = 0.0298 W/(mm-°C)
(thermal conductivity coefficient); L =270-10° J/kg
(latent heat of fusion); C =444 J/(kg-°C) (specific heat
capacity); y = 7.80-106 kg/mm? (density); 6_= 1450 °C
(solidification temperature).

Physical properties of the ceramic mold: G_=
=2910 kg/mm?; a.=0.51-10° °C1; 1= 0.000812 W/(mm-°C);
C =840 J/(kg-°C); y=2.0-10" kg/mm>.

Some theoretical studies [29] have shown that during
the cooling of steel in an SM with o angles of 10 and
30° and ¢ = (180° — a), significant compressive stresses
c,, and o,, can occur, potentially exceeding the com-
pressive strength of the ceramic material. When o = 30°,
the stresses o, i = 2, 3 are slightly lower in absolute value
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Fig. 1. Calculation scheme of a spherical ceramic shell mold
molded in support filler and filled with liquid metal,
taking into account axial symmetry:
LM - liquid metal; TM — solid metal; SM — shell mold;
SF — support filler; S, — inner contact surface of liquid and solidified
metal; §, — inner contact surface of solidified metal and shell mold,;
S, — outer surface of shell mold; S, — free surface of the end face
of casting cup; R, —radius of spherical casting; S — thickness of shell

mold; S, — thickness of solidified metal crust; a — slope angle of funnel;

¢ — angle of enclosing surface of shell mold with a support filler

Puc. 1. PacuetHas cxema mapoobpasnoit OO,
3a(hopMOBAHHOM B OTIOPHBII HAMIOJIHUTENb U 3aJTUTON
JKUJIKHM METAJJIOM, C YY4ETOM OCEBOM CHMMETPHH:

LM — sxuaxuit metann; TM — TBepablil MeTaun;

SF — ob6omnoukoBast (hopma; TM — ONOpHBIN HATIOJHUTEIIB;

S, — BHYTPEHHss IOBEPXHOCTh KOHTAKTA JKMIKOTO M 3aTBEPIEBIIEr0
MeTaia; S, — BHyTPEHHsIs HOBEPXHOCTh KOHTAKTa 3aTBEP/IEBILET0
MeTaia u 0007104K0BOH (GOpMBI; Sy — BHEIIHSSA TTOBEPXHOCTD
0001104K0BOH POpPMBI; S, — CBOOOIHAS MOBEPXHOCTH TOPIA JIMTHAKOBOM
gamu OD; R, — paauyc mapoodpasHOM OTIMBKY;

S — TonmuHa 0607104KOBOH (POPMBI; S — TONIIMHA KOPOYKH
3aTBEP/AEBILIET0 METaJLIa; (L — YIOJI HAKJIOHA JINTHUKOBON BOPOHKHU;
(¢ — YroJl 0XBaTa IOBEPXHOCTU 000I0YKOBOI (hOPMBI
OIOPHBIM HATIOJHUTENIEM

than at o = 10°. Fig. 2 shows the distribution of normal
stresses o, in the SM at o = 10°: (@) after 7.1 s of cool-
ing, (b) after 51.1 s.

Fig. 3 illustrates the distribution of stresses o,, and
05, in the solidified metal shell after 60.1 s of cooling;
solid lines represent the distributions at o= 30°, while
dashed lines represent those at oo = 10°.

The values of 6,, and o,, on the surface adjacent
to the liquid metal are greater (in magnitude) than on
the surface of the SM, which is explained by the con-
stant shear modulus G, of the forming solid metal
(1000 kg/mm?), independent of temperature. As in
the SM, the stresses 6,, and 6, are compressive, and at
o = 10°, they are higher than at o = 30°.

Fig. 2. Diagrams of normal stresses o, in shell mold at o = 10°
and time of casting cooling 7.1 s (¢) and 51.1 s (b)

Puc. 2. Dmopel HOpManbHbIX Hanpsbkenuid 6 B OO mpu a = 10°
pu BpeMeHH oxnaxaeHus otueku 7,1 ¢ (a) u 51,1 ¢ (b)

Fig. 3. Diagrams of normal stresses 6,, (@) and 6, (b) in forming metal
crust at o = 30° (solid lines) and o = 10° (dashed lines) and time
of casting cooling 60.1 s

Puc. 3. DUOpbl HOPMAJILHBIX HATIPSIKEHUH O, (@) U G45 ()
B 00pasyroleii kopouke Metaia npy o = 30° (CIUTONIHbIC JINHHN)
u o = 10° (mTpUXOBbBIC JIUHUK) U BpEMEHH OXJIakaeHus oTiuBku 60,1 ¢

Fig.4,a shows the distribution of stresses o, in
the solidified metal skin after 60.1 s. The stresses o, are
compressive throughout the cross-section: solid lines indi-
cate o, at o = 30°, while dashed lines show them at o = 10°.

Fig. 4, b shows the growth curves of the skin thick-
ness () and the stress o, over time. As the angle a increa-
ses, the normal stresses decrease slightly (in magnitude).

Further increasing o is unnecessary, as the metal skin
continues to grow with only minor changes in normal
stresses.
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Fig. 4. Diagrams of normal stresses 6,, (@) in crystallized metal crust
after casting cooling for 60.1 s and growth curves of metal crust (S)
and stresses 6,5 (b) with cooling time

Puc. 4. Dmopsl HOPMANBHBIX HaNpsxeHuit o, (a)
B 3aKPUCTAUIN30BABIIEICS KOPOUKE METAIIIA YePe3 BPEMsI OXJIaX JCHUS
ormuBkH 60,1 ¢ ¥ KpUBbIE POCTa BETMYMHBI KOPOUYKH MeTaa (S)
U HaNpPSDKEHUH G4, (b) CO BpEMEHEM OXJIAXIEHNUS

The results were obtained assuming a constant (ave-
rage) shear modulus for the SM (G,)).

As indicated in [29], the temperature in the SM
adjacent to the solidifying metal is very high (around
1300 °C). At this temperature, the ceramic is practically
in a softened state, meaning the shear modulus in this
area will be much lower than the average value of G, for
the shell mold. We will use experimental data (Fig. 5)
obtained in [30] from testing ceramic samples made from
a binder material (SiO, + MgPO,).

Approximating the results presented in Fig. 5, we
obtain:
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G, =6412-6.370, kg/mm? for 300 °C < 6 < 1000 °C;
G, =40 kg/mm? for 6 > 1000 °C;
G, = 4500 kg/mm? for 6 <300 °C.

The results of the solution with a temperature-depen-
dent shear modulus of the SM are shown in Fig. 6 at
a = 10° as distributions of ¢, i=1,2,3 for t=1.12s
(solid lines); T = 7.12 s (dashed lines).

During thermal shock and cooling at t=1.12s,
the stresses 6,, and o, have the highest values (in abso-
lute terms) in the SM’s contact zone with the metal,
but they change sharply with cooling time. All normal
stresses are compressive. The stresses 6, in the forming
skin ($' = 6 mm) after T = 7.12 s are shown in Fig. 7.

With further cooling, the stresses o, decrease.

The most critical period for failure is the initial cool-
ing phase (0 <t < 8 s) (Fig. 6).

Figs. 8 and 9 show the calculation results for o = 30°,
7= 1.12 s (solid lines); T = 7.12 s (dashed lines).

As seen, the pattern is approximately the same, but
the values of 6, i=1,2,3 are slightly lower than at

SiO, + MgPO,
T E EnE0 | G. MPa Vol. expapsion

? coefficient
20 11250000000 1.0000 45,000 4.44444 E-06
100 11250000000 1.0000 45,000 4.44444 E-06
200 11250000000 1.0000 45,000 4.44444 E-06
300 11250000000 1.0000 45,000 4.44444 E-06
400 9642857143 0.8571 38,571 5.18519 E-06
500 8437500000 0.7500 33,750 5.92593 E-06
600 5625000000 0.5000 22,500 8.88889 E-06
700 4218750000 0.3750 16,875 1.18519 E-05
800 2596153846 0.2308 10,385 1.92593 E-05
900 1687500000 0.1500 6750 2.96296 E-05
1000 96428571 0.0086 386 5.18519 E-04
1100 61363636 0.0055 245 8.14815 E-04

1.2

EYE20

0 | | | | | | | | |

20 100 200 300 400 500 600 700 800 90010001100

Temperature, °C

Fig. 5. Experimental data on tests of ceramic samples
made of a binder (SiO, + MgPO,)

Puc. 5. DxcriepuMeHTabHbIC IJaHHbBIE TIPH UCIIBITAHUH KEPAMUYIECKHX
00pa31oB, BBIIOJIHEHHBIX M3 CBA3ylomlero Marepuana (SiO, + MgPO,)
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Fig. 6. Temperatures field (@), diagrams of normal stresses 6,, (b)
and o, (¢) in ceramic mold at time
of casting cooling 1.12 s (==) and 7.12 s (===)

Puc. 6. Tlone Temneparyp (@), S1I0pbl HOPMATLHBIX HAPSDKEHUH G, (D)
1 65, (¢) B O® npu 0. = 10° 1 BpeMeHHU OXJIAK/IEHUS
omuBKH 1,12 ¢ (=) 11 7,12 C (===)

M
—

10 MIla

Fig. 7. Diagrams of normal stresses o, in resulting metal crust
(S'= 6 mm) at time of casting cooling 7.12 s

Puc. 7. Duopbl HOPMAJIbHBIX HATIPSKEHUH G, B 00pasyromeiics
MeTaJUInueckoit kopouke (S = 6 MM) IIpU BpeMEHU
OXJIAXKIEHHS OTIUBKHU 7,12 ¢

o = 10°, and small tensile stresses 6,, and o,; have even
appeared in the SM at the interface with the SF (Fig. 8). In
the metal skin (S = 6 mm) after T = 7.12 s, the stresses 6,
are shown (Fig. 9), which are also lower than at o = 10°
(Fig. 3, b).

Further cooling shows that normal stresses decrease,
and the distributions of o, for t=32.12 and 52.12 s are
close to each other.

Regarding the effect of the cylindrical SM material
on its durability, these results were presented in previous
works by the authors, where in the case under conside-
ration, the most critical factor for potential crack forma-
tion in the SM is the tensile normal stresses 6, in the outer
layer of the shell, which is in contact with the supporting
filler.

Considering the temperature dependence of the shear
modulus in the SM significantly affects the stress-strain
state during the cooling of the steel casting within it.
Under the given external conditions for the metal cool-
ing process in a spherical SM, its durability at the initial
moment of pouring is questionable.

[ ConcLusIONs

A more accurate solution to the problem was obtained
by considering the temperature-dependent change in
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Fig. 8. Temperatures field (a), diagrams of normal stresses c,, (b), 6,, (¢) and 6,, (d) at a. = 30°
after casting cooling for 1.12 s (===) and 7.12 s (===)

Puc. 8. Tlone Temneparyp (a), 310pbl HOPMAJILHBIX HANPSIKEHUH G, (D), 655 (¢) u 6, (d) B OD npu o = 30°
yepe3 BpeMs OXJIXKCHUS OTIUBKH 1,12 ¢ (=) 1 7,12 ¢ (===)

M that compressive stresses o,, and o,, at the interface
1}0_MP{ a between the SM and the liquid metal at the initial cool-
ing stage are critical. Significant compressive stresses
c,, (up to 10 MPa) at the interface between the SM and
a SM the SF indicate the possibility and necessity of further
theoretical study of this process by modeling the surface
-2.1 coverage area of the SF.
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DEVELOPMENT OF A METHODOLOGY FOR DETERMINING
THE CONTENT OF NON-METALLIC INCLUSIONS IN STEEL
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Abstract. As part of the study, a method was proposed for assessing the metal purity for non-metallic inclusions using optical emission spec-
trometry. To assess the content of non-metallic inclusions in the slabs, two columns of metal were selected from two slabs of low-alloy metal
deoxidized with aluminum. Each column was divided into seven samples in the direction from the small radius of the continuously cast ingot
to the large one. We studied these samples to assess metal contamination with non-metallic inclusions using quantitative optical metallography
according to ASTM E1245-03, fractional gas analysis (FGA) and optical emission spectral analysis PDA. Analysis of the samples according
to ASTM E1245-03 standard showed that in all samples the percentage of oxides and sulfides is on average 10 and 90 %, respectively.
According to the results of FGA, it was concluded that such non-metallic oxide inclusions as aluminates predominate in the metal samples of
both ingots. A comparison was made between the results of the determination of oxygen in non-metallic inclusions obtained by FGA method
and the number of sparks in inclusions at the analysis by PDA method; analysis of the dependencies showed that there are two clearly defined
point distributions. To carry out PDA analysis, a program was developed that allows determining the number of inclusions of various types and
calculate their volume fraction.

Keywords: non-metallic inclusions, ASTM E1245-03, fractional gas analysis, PDA
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PA3PABOTKA METOAUKWU ONPEAENEHUA COAEPXAHMUA
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AHHOmMayus. B paMkax ucCIeIOBaHUs MPeNIoKeHa METOINKA OIEHKH YHCTOTHI METajula Mo HeMeTanieckuM BiimroueHussM (HB) ¢ ucmons-
30BaHUEM OINTHUKO-IMHUCCHOHHOMN crnekrpomerpuu. s oueHku coxepxkanust HB B cisibax oroOpaHbl MO JiBa CTOJNOMKAa MeTajula OT JIBYX
CI1100B HU3KOJIETHPOBAHHOTO METaIJIa, PACKUCICHHOTO aTfoMUHueM. Kax /bl CTOJIOMK Moje/ieH Ha ceMb 00pa3I0B B HAIIPABICHUH OT MAJIOTO
pazaunyca HENpPEepbIBHOIUTOMN 3aroTOBKM K 0ojbinoMy. Ha maHHBIX 00pa3iax nmpoBeIeHbI UCCIICAOBAHMS 10 OLEHKE 3arps3HEHHOCTH MeTajuia
HB metomamu KonmvecTBeHHOW omThueckoit Mertamnorpaduu mo cranaapry ASTM E1245-03, ¢pakuuonnoro rasosoro anamuza (PIA)
U OINTHUKO-DMHUCCUOHHOTO cnekTpainbHoro PDA ananuza. HccnenoBanust no crangapry ASTM E1245-03 nokasanu, 4to BO Bcex oOpasnax
MPOILIEHTHOE COOTHOIICHHE COEPKAHUS OKCHAOB M Cyab(uaoB B cpeanem cocraisier 10 u 90 % coorBercTBenHo. [lo pesynsraram ®I'A
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c/leslaH BBIBOJ] O TOM, YTO B Ipo0ax MeTajuia 000MX CIMTKOB IpeobnajaroT Takue okcujausle HB, kak amomunarsl. IIposesieHo cpaBHEHHE
pe3yabpTaToB ONpeAeIeHns coaepxkanns kuciaopoaa B HB, momydennoro metogom ®I'A, n konmyecTBa monaganuii UCKp (CIApPKOB) BO BKIIO-
YyeHus mpu aHanuze MetogoM PDA. Ananu3 3aBUCMMOCTEH TOKa3aj, 4TO €CTh [Ba YETKO BBIPAKEHHBIX pacrpeeneHus: Touek. Jis npose-
IeHust aHanu3a MetogoM PDA paspaborana mporpaMma, IO3BOJISIONIAs ONPeaeNuTs konndecTBo HB pa3nnuHbIX THIOB B 00pa3nax MeTasIa
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[ INTRODUCTION

The quality of steel is significantly influenced by non-
metallic inclusions (NMI). The presence of NMI in
the finished metal disrupts its homogeneity, degrades sur-
face properties, fatigue strength, and plastic characteris-
tics of the metal [1 — 3]. NMIs act as stress concentrators
during deformation, rolling, and stamping of the steel
sheet, which subsequently leads to the formation of sur-
face defects [4 — 7]. A negative effect of increased NMI
content in molten steel is also the clogging of steel cast-
ing nozzles, which drastically reduces casting speed and
impairs production efficiency [8].

Various production factors affect the quantity, shape,
size, and type of oxide NMlIs in steel:

— chemical composition, oxidation state, temperature
of the steel and slag;

— chemical and fractional composition of deoxidizers,
slag-forming and alloying materials, and their introduc-
tion regime;

— inert gas blowing regime of the melt;
— vacuum treatment technology;
— chemical composition of the lining.

Inclusions larger than 50 um are unevenly distributed
and are significantly fewer in number. However, they
substantially impact the quality of the finished product,
as fatigue failure always occurs in the vicinity of large
NMIs regardless of their composition [4; 9 — 11].

Most researchers consider NMIs as initiation
sites for hydrogen cracking [12 — 14]. There is a cor-
relation between CaO-Al,O;, MgO-AlO, inclu-
sions and internal and external irregularity defects in
the metal [15; 16].

The aim of this study is to compare methods for
determining the contamination of metal by NMIs. One
of the most common methods for quantitatively assessing
NMI content in steel is metallographic analysis — com-
paring the sizes and shapes of NMIs found in the metal
with standard scales using point-counting scales and
quantitative optical microscopy as per ASTM E1245-03
standard, determining the volume fraction and size distri-
bution of inclusions [17 — 20].
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The fractional gas analysis (FGA) method allows
determining the total oxygen content in various types
of oxide NMIs and their volume fraction, providing
a more comprehensive picture of the various types
of NMIs present in the steel [21 — 23].

[ ASSESSING METAL CONTAMINATION BY NMis
USING OPTICAL MICROSCOPY AS PER
ASTM E1245-03

The assessment of metal contamination by NMIs
using optical microscopy according to ASTM E1245-03
standard was conducted with an optical microscope on
a properly prepared polished specimen. Images were
captured with a camera. The recognition and identifi-
cation of inclusions were based on differences in grey
level intensity when compared with each other and with
the unetched matrix. The measurements and classifica-
tion of NMIs depended on the nature (oxides, sulfides)
of the identified elements in the image. These measure-
ments were performed in each selected field of view.
The polished specimen surface needed to be sufficiently
large (at least 160 mm?) to measure at least 100 fields
of view at the required magnification.

For the study of NMI content, two columns from two
continuously cast billets were selected. One column was
taken from the middle of the continuously cast billet,
and the other from the 1/4 width zone of the ingot. Each
column was divided into seven samples. The sampling
scheme is shown in Fig. 1. Table 1 presents the sample
labeling.

Samples 1, 2, 4, 6, and 7 from each column were ana-
lyzed. Samples 3 and 5 were not examined.

To prepare samples for evaluating metal con-
tamination by NMIs using optical microscopy as per
ASTM E1245-03 standard, metal samples were ground
and polished to achieve the required surface quality.
The analysis per ASTM E1245-03 standard was con-
ducted on a 200 mm? surface area for each sample. As
a result of the analysis, two main types of NMIs were
identified: oxides and sulfides. Oxide-sulfide compounds
were also observed as oxysulfides. These oxysulfide
inclusions were divided into two parts based on grey
shades: oxide and sulfide. Table 2 presents the results
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Plane of study |

Small
radius

Sample
Ingot |
axis
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1/2 width

Slab width

1/4 width

Small radius

Fig. 1. Sampling scheme

Puc. 1. Cxema oT60pa 00pa3ion

Table 1. Sample labeling

Tabauya 1. MapkupoBKa 06pa3ioB

Figs. 2 — 5 show that the metal purity by NMIs in
the second slab was slightly higher than in the first slab.
The total volume fraction of NMIs in the metal of the sec-
ond slab did not exceed 0.035 %, whereas in the first slab
it varied from 0.020 to 0.055 %. It can be concluded that
the second slab was more homogeneous in NMI content
throughout its height and contained fewer inclusions than
the first slab.

[l DETERMINING METAL CONTAMINATION BY NMls
USING FRACTIONAL GAS ANALYSIS (FGA)

To determine the content of oxide NMIs formed in
the steel, fractional gas analysis (FGA) was conducted
on the selected metal samples. The FGA method allows
the determination of total oxygen and nitrogen content,
the amount of oxygen in various types of oxide NMIs, and
the calculation of the volume fraction of different types
of oxide NMIs. The main advantage of the FGA method
is that it provides rapid information on the total oxygen
and nitrogen content in the metal, as well as the oxygen
distributed in different types of oxide NMIs.

Table 2. Total volume fraction of non-metallic inclusions
in the samples and volume fraction of oxide
and sulfide inclusions, %

Tabauya 2. O6bemuasi nosst Becex HB B 06pa3nax
U 00beMHAas1 10J151 OKCUAHBIX U CYJIb(GUAHBIX BKIOYeHHil, Yo

Sample label Sample description
1% Column from 1/2 width of slab 7,
X — sample number in the column
19X Column from 1/4 width of slab 7,
X — sample number in the column
21X Column from 1/2 width of slab 2,
X — sample number in the column
99X Column from 1/4 width of slab 2,
X — sample number in the column

of the calculation of the total volume fraction of NMIs
and separately the volume fractions of oxide and sulfide
inclusions.

The study results indicated that the average percent-
age content of oxides and sulfides in the metal across all
samples was 10 and 90 %, respectively. However, in sam-
ples 111 and 121, the relative oxide content was higher
(31 and 17 % sulfides, respectively), indicating uneven
distribution of NMIs. Uneven distribution of NMIs was
also observed in samples located closer to the small
radius (111, 121). The upper zone of the samples showed
minimal NMI content, with their size not exceeding
10 um, and the majority of inclusions located below 1/3
of the sample height. Thus, the upper 1/3 of the samples
were cleaner in terms of inclusions than the lower 2/3.
Samples (111, 112, 121, 122, 211, 212, 221, 222) clo-
sest to the small radius had a higher total volume frac-
tion of NMIs compared to other samples. Figs.2 -5
compare the results of total volume fraction calculations
of NMIs obtained from the same samples in the laborato-
ries of PJSC “Novolipetsk Metallurgical Plant” (PCL and
R&D) and Laboratory No. 17 of IMET RAS.

Sample Voﬁlr\n/lisf;z::at}on Oxide NMIs | Sulfide NMIs
111 0.0444 0.0139 0.0305
112 0.0447 0.0047 0.0400
114 0.0230 0.0020 0.0210
116 0.0220 0.0020 0.0200
117 0.0104 0.0007 0.0097
121 0.0553 0.0093 0.0460
122 0.0391 0.0031 0.0360
124 0.0379 0.0029 0.0350
126 0.0286 0.0026 0.0260
127 0.0219 0.0019 0.0200
211 0.0274 0.0024 0.0250
212 0.0298 0.0018 0.0280
214 0.0215 0.0025 0.0190
216 0.0265 0.0025 0.0240
217 0.0200 0.0020 0.0180
221 0.0250 0.0020 0.0230
222 0.0264 0.0014 0.0250
224 0.0292 0.0022 0.0270
226 0.0204 0.0024 0.0180
227 0.0186 0.0016 0.0170
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Fig. 2. Comparison of the results of calculating the volume fractions
of non-metallic inclusions for the samples from the central column
of / ingot:

[ - PCL; [l - R&D; [l - Laboratory No. 17

Puc. 2. CpaBHeHHS pe3y/bTaToB pacuera 00beMHBIX noneit HB
JUist 00pas3IioB, OTOOPAHHBIX OT LIEHTPAIBHOTO CTOIOMKA CIIUTKA /:
B - LJIK; [l - R&D; [l - /TaGoparopust Ne 17

0.06
0.05
0.04
0.03
0.02

0.01

Volume fractions of NMI, %

0
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Sample number

Fig. 3. Comparison of the results of calculating the volume fractions
of non-metallic inclusions for the samples from the outer column
of / ingot:

[l - PCL; ] - R&D; ] - Laboratory No. 17

Puc. 3. CpaBHeHusI pe3y/IbTaTtoB pacdera o0beMHbIX jojeit HB
JUT 00pa3IoB, OTOOPAHHBIX OT KpaiHEro CTOJI0MKA CIIUTKA /:
- WIK; [l - R&D; ] - TaGoparopust Ne 17

FGA is a modification of the reduction melting method
in a graphite crucible under a stream of carrier gas
at a specified linear heating rate of the sample. The analy-
sis method is based on the difference in the temperature
dependence of the thermodynamic stability of oxides,
which contain the majority of the bound oxygen in
the metal. As the melt temperature increases, oxides are
reduced by carbon, and oxygen is extracted from the melt
as carbon monoxide according to the reaction

ZxOy(k) + yC(graph.) = x[Z](Fe — C(sat.)) + yCO(g).

The reduction of oxide NMIs contained in the metal is
a complex process involving several stages, such as:

—melting of the sample and spreading of the melt over
the graphite crucible;
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Fig. 4. Comparison of the results of calculating the volume fractions
of non-metallic inclusions for the samples from the central column
of 2 ingot:

[ - PCL; |l - R&D; [l - Laboratory No. 17

Puc. 4. CpaBHeHus pe3ynbTaToB pacueTa 00beMHbIX goneil HB
Ut 00pasIoB, OTOOPAHHBIX OT LIEHTPAIBHOTO CTONOMKA CIIUTKA 2:
I - LJIK; [l - R&D; [l - TaGoparopust Ne 17
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Fig. 5. Comparison of the results of calculating the volume fractions
of non-metallic inclusions for the samples from the outer column
of 2 ingot:

[ - PCL; ] - R&D; ] - Laboratory No. 17

Puc. 5. CpaBHeHusI pe3ysbpTaToB pacuera 00beMHbIX qoneit HB
JUIst 00pasIoB, OTOOPaHHBIX OT KpalHEero CTOIOMKA CIUTKA 2:
I - LUIK; [l - R&D; [l - JTaGoparopust Ne 17

— diffusion of carbon from the graphite crucible
into the sample material;

—dissociation and reduction of oxide inclusions
by carbon in the melt with the formation of CO molecules
and bubbles;

—internal mass transfer

to the sample surface;

of reaction products

— removal of reaction products from the reaction sur-
face and mass transfer in the gas phase.

A typical curve of carbon dioxide emission intensity
from a metal sample depending on the melt temperature
is shown in Fig. 6. The FGA results, processed using
the proprietary software “Oxide Separation Pro” are
shown in Fig. 7.
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Fig. 6. Gas emission curve from the sample (evologram)

Puc. 6. KpuBas razoBblienieHns 13 00pasia (3BojorpaMma)

For the FGA studies, three samples weighing 1.0 — 1.5 g
were cut from each metal sample. Their surface was
cleaned with a file to remove the oxide film and con-
taminants. After mechanical cleaning, the samples were
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0 0
111 112 114 116 117
Sample number
Fig. 8. FGA results of the samples from the central column
of ingot /:
[ —silicates; ] — aluminates; [J] — spinel;
1 — oxygen; 2 — nitrogen
Puc. 8. Pesynbrarst ®I'A 00pa3siioB OT LEHTPATBHOTO CTOIONKA
cimTKa 1:
B - cunukarsr; [JJ] — amomunarsy; ] - mnunens;
1 —xucnopon; 2 — azor
0.005 0.005
2

0.004 |- \)/ 70004z
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Fig. 9. FGA results of the samples from the outer column (1/4 width)
of ingot /:
B —silicates; [l — aluminates; [J] - spinel;
1 — oxygen; 2 — nitrogen

Puc. 9. Pesynsratsl ®I'A 00pa3ioB kpaitnero cronbuka (1/4 mupuHbr)
cimuTKa /:
B - cunukarsr; [ - amomunarsy; [ — mnnaens,
1 — xkucnopop; 2 — a3ot

Fig. 7. Processing PGA results
in Oxide Separation Pro program

Puc. 7. O6pabotka pesynsratoB @TA
B nporpamme Oxide Separation Pro

washed with alcohol and dried. The FGA results are pre-
sented in Figs. 8 — 11.

The average values and standard deviations (SD)
of the results for total oxygen and nitrogen, as well as
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1 2
=3 Z e
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L < =
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o Z — g
O .g 0001 < 0.001 g S
[_1
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211 212 214 216 217
Sample number
Fig. 10. FGA results of the samples from the central column
of ingot 2:
B —silicates; ] — aluminates; [J] — spinel;
1 — oxygen; 2 — nitrogen
Puc. 10. Pesynbrarst ®I'A 00pasioB HEHTPAILHOTO CTOIOMKA
CIIUTKa 2:
B - cunukarsr; ] — amomunatsy; ] — wrnunens;
1 —xucnopon; 2 —azor
0.003 0.003
1 5 s
=X 0002 - 40002 v
8= g =1
o' 0001 40001 E §
=
0 0

221 222 224 226 227

Sample number

Fig. 11. FGA results of the samples from the outer column (1/4 width)
of ingot 2:
B —silicates; [l — aluminates; [J] — spinel;
1 — oxygen; 2 — nitrogen

Puc. 11. Pesynbsrarsl ®I'A 00pa3ios kpaitnero cronbuka (1/4 mmpuHbn)

ciuTKa 2:
B - cunukarsr; ] — amomunatsy; ] — wnnaens;
1 — xucnopox; 2 — a3or
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Table 3. Average values and SD of total oxygen and nitrogen, oxygen in non-metallic inclusions for ingots 7 and 2, %

Ta6auya 3. Cpennue 3nauennsi 1 CKO oduero kucjiopoaa u a3ora, kucjaopona B HB nas caurkos 1 u 2, %

Ingot 0 O (SD) N N (SD) | Oin NMIs | O in NMIs (SD)
1 0.0034 | 0.0005 | 0.0041 | 0.0004 | 0.0028 0.0004
2 0.0020 | 0.0004 | 0.0021 | 0.0002 | 0.0016 0.0002

oxygen in NMIs, for samples from ingots / and 2 are pre-
sented in Table 3.

The FGA results indicate that the metal samples from
both ingots predominantly contain oxide NMIs such as
aluminates (Figs. 8 — 11). Fig. 8 and 9 for ingot / show
an increasing trend in spinel content from the central part
of the columns (samples 114, 124) to the large radius
of the ingot (samples 116, 117, 126, 127). In the samples
of ingot 2 (Figs. 10, 11), unlike ingot /, spinel-type inclu-
sions are virtually absent. The average total oxygen con-
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= Ingot /

£ =

52 0003
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&5 0.002

82 0001}

> Q

X2 Ingot 2

o 0 1 1
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Number of sparks in non-metallic
inclusions by PDA (R&D)

Fig. 12. Correlation between the oxygen content in non-metallic
inclusions obtained by FGA method and number of sparks in inclusions
by PDA (R&D) method for the samples of different ingots

Puc. 12. Koppensuust MeXay conepkanueM kuciopoaa B HB,
nosny4eHHoro Mmetonom ®I'A, ¥ KOIMYECTBOM MONAJaHHH CIIAPKOB
B0 BKJIro4YeHust MeTozioMm PDA (R&D) st 00pa3iioB pa3HbIX CIMTKOB
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Number of sparks in non-metallic
inclusions by PDA (R&D)

Fig. 13. Correlation between oxygen content in non-metallic inclusions
obtained by FGA method and number of sparks in inclusions
by PDA method (Plant Central Laboratory — PCL)

Puc. 13. Koppensus Mexay conepkanneM kuciopona B HB,
roxydeHHoro MmerosioM ®I'A, 1 KoIM4ecTBOM NONaJaHNui ClIapKOB
BO BkIroueHUst MeTooM PDA (LIJIK) st 06pa3ioB pa3HbIX CIIUTKOB
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tent in ingot 1 is 0.0036 % for samples 11X and 0.0033 %
for samples 12X. The average nitrogen content is 0.0041
and 0.0040 %, respectively. In ingot 2, the average
total oxygen content is 0.0021 % for samples 21X and
0.0020 % for samples 22X. The average nitrogen content
is 0.0020 and 0.0022 %, respectively.

Based on the average oxygen, nitrogen, and oxygen
in NMls, it can be concluded that ingot 2 is cleaner than
ingot /. This corresponds to the results obtained when
calculating the volume fractions of inclusions using
the metallographic method. Fig. 12 and 13 present cor-
relations between the oxygen content in NMIs obtained
by the FGA method in the studied samples and the number
of sparks in inclusions during optical-emission spectro-
metric PDA analysis for identical samples on two different
spectrometers (R&D and PCL). Fig. 14 shows the correla-
tion between the total oxygen content in NMIs and the oxy-
gen content in aluminates obtained by the FGA method.
Fig. 15 shows the correlation between the oxygen content
in NMIs obtained by the FGA method and the oxide con-
tent obtained from polished specimens analyzed by opti-
cal microscopy according to ASTM E1245-03 standard in
Laboratory No. 17.

Fig. 12 and 13 highlight two regions of data points.
The first region corresponds to the results from ingot 2,
and the second to ingot /.

A clear correlation is observed between the oxygen
content in NMIs and the oxygen content in aluminates
obtained by FGA (Fig. 14).
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Oxygen in non-metallic
inclusions (FGA), %

Fig. 14. Correlation between oxygen content in non-metallic inclusions
and amount of oxygen in aluminates obtained by FGA method

Puc. 14. Koppernsiust Mek1y 0OIIAM COAEPKAHUEM KUCIOPOIa
B HB 1 KonmuecTBOM KHCII0pOAa, COACPIKAILErocs B aIIOMHHATaX,
monyueHHbIX MeTomoM OTA
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Fig. 15. Correlation between oxygen content in non-metallic inclusions
obtained by FGA method and content of oxides obtained
by ASTM method in Laboratory No. 17

Puc. 15. Koppensiyst Mex1y 00IIUM COIepKaHUEM
kucnopoza B HB, nonyyennoro meronom @I'A
U COJIepIKaHUEM OKCHJIOB, MIOJTydeHHOTro MeTojjoM ASTM
B naboparopuu Ne 17

An analysis of the spectral data array of metal sam-
ples on spectrometers was conducted. The files display
the emission intensities of spectral wavelengths of various
elements for each spark (7).

Based on the results of metal contamination assess-
ment by NMIs according to ASTM E1245-03 standard,
a correlation equation was found linking the area of NMIs
with 1.

Using the obtained equation, the volume fractions
of NMIs for the studied samples were calculated.

0.10

All calculation variants were compared with the results
of determining the volume fraction of NMIs using optical
microscopy (VD-NMI — total volume fraction of NMIs
based on spectral analysis data from two spectrometers at
the plant) (Fig. 16).

Fig. 16 shows that the results of determining the vol-
ume fraction of NMIs in metal samples according
to ASTM E1245-03 standard and the PDA method are
consistent. The metal sample analyses show significant
differences in NMI content in different parts of the slabs.

- CONCLUSIONS

Studies of samples using quantitative optical metal-
lography methods according to ASTM E1245-03 stan-
dard showed that in all samples, the percentage ratio
of oxides to sulfides in the total volume fraction averaged
10 and 90 %, respectively. However, in samples 111 and
121, the oxide content was higher at 31 and 17 %, respec-
tively, and these samples also exhibited uneven NMI dis-
tribution. In samples located closer to the small radius
(111, 121), uneven NMI distribution was also observed.
The upper zone of the samples showed minimal NMI
content, with their size not exceeding 10 pm, and most
inclusions were located below 1/3 of the sample height.
Thus, the upper 1/3 of the samples were cleaner in terms
of inclusions than the lower 2/3.

Samples (111, 112, 121, 122, 211, 212, 221, 222)
closest to the small casting radius had the highest volume
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Fig. 16. Comparison of the results of determining the volume fraction of non-metallic inclusions according to ASTM E1245-03 standard
(PCL — Laboratory No. 17, R&D) and by PDA method (total volume fraction of non-metallic inclusions, %):
[ - VF of NMI ] - PCL; ] — Laboratory No. 17; i - R&D

Puc. 16. CpaBHeHnue pe3ynnbraToB onpe/eacHus: oobemuoit gomu HB mo crangapry ASTM E1245-03 (LJIK, na6oparopust Ne 17, R&D)
n metorom PDA (O/I-HB, %):
- O/1 HB; |l - LUIK; Jii] — na6opatopust Ne 17; ]l - R&D
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fraction of NMIs compared to other samples. The total
volume fractions of NMIs in the samples and the sepa-
rate volume fractions of oxide and sulfide inclusions were
determined.

Comparison of the results of volume NMI fraction deter-
mination by quantitative optical metallography according
to ASTM E1245-03 standard by PCL, R&D, and Labora-
tory No. 17 staff showed good measurement consistency.

To determine the content of major types of oxide NMIs
in different parts of the slabs, fractional gas analysis was
conducted on the selected metal samples. The analysis
concluded that oxide NMIs, such as aluminates, predomi-
nantly occur in the metal samples from both ingots.

For ingot /, there was an increasing trend in spinel
content from the central part of the columns (samples 114,
124) to the large radius of the ingot (samples 116, 117,
126, 127). In the samples from ingot 2, unlike ingot 7,
spinel-type inclusions were practically absent. The aver-
age total oxygen content in ingot / was 0.0036 % for
samples 11X and 0.0033 % for samples 12X. The aver-
age nitrogen content was 0.0041 and 0.0040 %, respec-
tively. In ingot 2, the average total oxygen content was
0.0021 % for samples 21X and 0.0020 % for samples
22X. The average nitrogen content was 0.0020 and
0.0022 %, respectively. Based on the average results for
oxygen, nitrogen, and oxygen in NMIs content data, it
can be concluded that ingot 2 is significantly cleaner in
terms of oxide NMIs than ingot /.

A comparison of the results of oxygen in NMIs deter-
mined by FGA and the number of spark hits in inclusions
during PDA optical-emission spectral analysis (data
from PJSC “NLMK” R&D and PCL) was conducted.
The analysis showed two distinct distributions of data
points. The first distribution corresponds to ingot 2, and
the second to ingot /. The research results also showed
a clear correlation between the oxygen content in NMIs
and the oxygen content in aluminates obtained by FGA.

An analysis of the spectral data array of selected metal
samples, obtained on the workshop spectrometer, was con-
ducted. For the analysis, software was developed to deter-
mine the number of inclusions of various types and cal-
culate their volume NMI fractions. The analysis showed
good consistency between the results of the PDA optical-
emission spectral analysis and the quantitative optical
metallography methods according to ASTM E1245-03
standard.
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AUTOMATED PROCESS CONTROL IN ELECTRIC ARC FURNACES
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Abstract. An approach to managing the main modes of smelting steel in heavy-duty electric arc furnaces (EAF) using digital twin technology was defined
and formulated. It was noted, that the existing power regulators do not have the function of balancing the effective power of phases and, accordingly,
electric arcs because they are focused on working with a certain average value of the signal. It is proposed to use the analysis of dynamic characteris-
tics based on instantaneous values of input parameters instead of operating ones, as it’s usually implemented in most devices. This allows us to obtain
more accurate data on the arc state and reduce the amount of time and computing power required to obtain a result and form recommendations. Based
on the data obtained as a result of long - term observations of the heavy-duty EAF-135 operation, the relationship of the constant component of the
arc voltage (CCAV) with the metal oxidation is shown. An example of its use as a criterion for controlling the melting oxidative stage is given. This
reduces the consumption of electrochemical sensors for each melting in the case of serial metal production. Based on the recorded data, it is possible
to timely determine the unevenness of the arc power release between the furnace electrodes and issue recommendations on gas burners operation regu-
lating to equalize the rate of scrap melting at electrodes with less power release. The authors propose the idea of using digital twins based on models
of the active power distribution across the melting bath zones and dependence of metal oxidation on oxygen blowing for monitoring and controlling
the electric mode and the oxygen blast mode at the oxidative stage of the melting process. Simplified schemes of these twins are given.

Keywords: clectric arc furnace, digital twin, control system, electric mode, electric arc, refining period, constant component of arc voltage
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NMPOBNEMbI ABTOMATU3UPOBAHHOIO YMNPAB/NEHUA
TEXHONNOMMYECKUM NPOLECCOM B AYTOBbIX CTANENNIABUNIbHbIX MEYAX
B ACMEKTE MPUMEHEHUA TEXHONOTUUN LUOPOBLIX ABOUHUKOB

A.B. CuBuos!®, 0. 10. lllemykos' %, /I. K. Ernazappsau’?,
M. M. lIpim6asuct?, I1. I1. OpsioB?
Mucruryr meratyprun Ypaasckoro otaesnenust PAH (Poccust, 620016, Exarepun0ypr, yii. Amynjcena, 101)

2 Vpaabckuii Qpenepaibubiii ynusepeuter umenu nepsoro Ipesunenta Poccun B. H. Eabuuna (Poceus, 620002, Exarepunoypr,
yi. Mupa, 19)

&) aws2004@mail.ru

AnHomayus. B pabote onpenesneH U copMyIHPOBaH MOAXOA K YIPABICHUIO OCHOBHBIMU PEXUMAMH BBITIABKU CTaJIBHOTO MOJIYIPOIYKTa B CBEPX-

MOIIHBIX JyroBbixX craneruiaBuwibHbix nedax (JICIT) ¢ umcronbp3oBaHMEM TEXHOJIOTMU LU(POBBIX IBOMHUKOB. CyIIECTBYIONIME PEryIsSTOPbI
MOIIHOCTH He 00anaT GyHKIUeH CHMMETPUPOBAHUS MTOJIE3HBIX MOIIHOCTEH (a3 1, COOTBETCTBEHHO, MEKTPUUECKUX AYT, TAK KAaK OHU OpUCH-
THPOBaHBI HAa pabOTy CO Cpe/lHEeW BETMYMHOW CUTHANIA. ABTOPBI IIPE/JIaraloT NCIIOIb30BaTh aHAJIN3 TMHAMHYECKHX XapaKTePHCTHK, TIOCTPOCHHBIX
HA MTHOBEHHBIX 3HAUYCHHUSIX BXOJIHBIX MAPAMETPOB BMECTO JACHCTBYIOIINX, KAK MPHHATO B OOJBIIMHCTBE PeaM30BaHHBIX YCTPOWUCTB. DTO JaeT
BO3MOYKHOCTb ITOJIY4YHUTh 0OJIee TOYHBIC JaHHBIE O COCTOSHMM CTOJIOA Iy M CHU3UTH KOJMYECTBO TPEOYEMBIX BPEMEHH M BBIYHMCIUTEIBHBIX
MOIIHOCTEH Ha NOJIy4eHHe pe3yabTaTa 1 GOpMUPOBaHHE peKOMEeHAIMH. JITuTenbHas perucTpaliy JaHHbIX Ipu padote ceepxmornHoii JICI1-135
10Ka3aja CBsI3b OCTOSHHOW COCTABIISIONICH HANPSHKEHUS AyT'H ¢ OKUCISHHOCTBIO METAIIMYECKOro paciuiasa. [IpuBenen npumep ee HCHOIb30-
BaHUS B KaYECTBE KPUTEPHUS YIPABICHUS OKUCIMTEIBbHOM CTaauel IJIaBKH, Y4TO MO3BOJISET CHU3HTh PACXOJ AICKTPOXUMHUUECKUX JATYUKOB Ha
Ka)X/IyI0 IUIaBKy B ClIydae CEpHHHOCTH BBIIUIABIIIEMOrO MeTajuia. Ha OCHOBE perncTpupyeMbIX JaHHBIX TTOATBEPIKICHA BOSMOXKHOCTH CBOEBpE-
MEHHOTO OIPE/IC/ICHUs] HEPABHOMEPHOCTH BBIACICHUS yTOBOIl MOITHOCTH MEX]Y JEKTPOJAMH IEYH U BbIJa4Yd PEKOMEHIALUH 10 PEeryiIHpo-
BaHHIO PabOTHI Ta30TOPEJIOYHBIX YCTPOHCTB JUIsi BBIPABHUBAHKS CKOPOCTH OCAXJICHHUS JIOMA Y AJICKTPO/IOB C MEHBIIMM BBIJICJICHUEM MOIIHOCTH.
ABTOpamMH Ipe/UIOKEeHA Hes HCIOIb30BaHUsI [IM(PPOBBIX BOMHUKOB Ha 0a3e MOAENEH pacipeiesieHUs] aKTHBHOM MOIIHOCTH 110 30HaM BaHHBI U
3aBHCHMOCTH OKHCJIIEHHOCTH METaJlIa OT Pacxo/ia KUCIOpo/ia /Uil KOHTPOJISL ¥ yIIPABJICHHS dJICKTPUYECKUM PEKMMOM U PEKUMOM Ta30BOTO Y Thsl

Ha OKHCIMTENBHOM cTaauu nporecca. [IpuBeieHs! ynpomeHHbIe CXeMbl THX JBOIHUKOB.

Kntouesule cn06a: nyrosas cTaneIuiaBiiIbHas Iedb, TU(POBON ABOMHUK, CHCTEMA YIIPABJICHHS, SMEKTPHICCKUN PEKUM, EKTPUUECKas Tyra, padHHI-

POBOUHBIH MEPUOJI, MOCTOSHHAS COCTABIIAIONIAs HANPSKEHHs yTH

BaazodapHocmu: Pabota BhINOJIHEHA B paMKaX TOCYIapCTBEHHOTO 3a1aHus HcTHTyTa MeTautyprun Ypanbekoro otierneHus PAH.

/Jlnsi yumuposaHus: Cusios A.B., lllemykos O.10., Ernazapesu [.K., Lpimbanuct M.M., Opnos I[1I1. [Ipo6aembr aBTOMaTH3UPOBAHHOIO YIIpaB-
JICHUS] TEXHOJIOTMYECKUM IIPOLIECCOM B JIyTOBBIX CTAJICIUIABIIIBHBIX [1€4aX B aCIIEKTEe MPUMEHCHHUS TEXHOIOTUH U(DPOBBIX ABOMHUKOB. /36ecmusi

8y306. Yepnas memannypeus. 2024,67(4):481-489. https.//doi.org/10.17073/0368-0797-2024-4-481-489

- INTRODUCTION

Currently, many industries and economic sectors
exhibit a clear trend towards the large-scale adoption
of digital twin technology for process management [1; 2].
This approach has proven effective in numerous cases by
reducing energy consumption and saving raw materials.
The essence of this approach involves creating a virtual
counterpart, essentially a digital twin of the controlled
unit, technological mode, or process, achieved through
mathematical modeling [3 — 5].

One of'the key prerequisites for applying this approach
is ensuring bidirectional communication between
the object and its virtual counterpart. In general, this
communication can be implemented either through direct
impact on the furnace control elements or in the form
of'advice to the technologist or operator of electric arc fur-
naces (EAF) regarding the application of specific control
actions to the process. It is quite likely that the develop-
ment of automated process control systems with advisory
functions can be considered part of digital twin techno-
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logy, at least as prerequisites for their creation. Therefore,
studying the features of processes occurring in electric
arc furnaces to develop methods for controlling key tech-
nological parameters remains relevant.

In steel and cast-iron production, digital twin techno-
logies have not yet found significant application. Prelimi-
nary work on mathematical modeling of technological
processes in steelmaking [6; 7] and blast furnaces [8 — 10]
could serve as the basis for their creation. One of the first
significant steps in applying digital twins to EAF control
is the work of scientists from Nosov Magnitogorsk State
Technical University (NMSTU) [11], which describes
the algorithm in detail and provides an example of its use
in a power regulator.

The electric mode of EAFs changes significantly
during melting [12 — 15]. As regulatory practice shows,
operators and technologists very rarely use such an effec-
tive control lever as changing the voltage tap during
the melting process. Having set a certain tap at the begin-
ning of a technological stage, they operate on it almost
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throughout the entire stage, regardless of changes in
the technological situation and arc burning conditions.

Using the digital twin algorithm and the results of their
previous research [16; 17], the authors implemented
the tracking of situations where the PI controller settings
are not optimal and iteratively selected new, optimal set-
tings corresponding to the current state of the system.
This significantly stabilized the electrical mode by reduc-
ing the standard deviations of currents and arc powers
by 15.9 and 4.8 %, respectively, decreased the specific
energy consumption (SEC) by 3 %, and reduced the fur-
nace operating time under current by 2 min.

However, this approach involves controlling the elect-
rode movement based on the parameters of the condition-
ally average phase and does not ensure the symmetry
of the furnace’s useful load. This leads to significant
uneven distribution of arc power in the areas of indi-
vidual electrodes, given the asymmetry of the short net-
work inherent in almost all steelmaking furnaces. This
issue requires a rather complex technical solution involv-
ing the organization of voltage signal sampling points
directly from the furnace electrodes. It is desirable that
in their further research, the authors address this aspect
of optimizing the electrical mode.

[l METHODOLOGY FOR RECORDING SIGNALS
FROM THE RESEARCH OBJECT

The purpose of the electric mode is to deliver and ratio-
nally distribute electrical power within the working space
of the furnace. In this context, the electric arc serves as
the main component of the useful electrical load — an ele-
ment with distinctly pronounced properties and features.
The efficiency of the melting process and the main techni-
cal and economic indicators (TEI) depend on the degree
of development (power) and stability of the arc discharge.
The root mean square (standard) deviations of the actual
values of arc current and phase power from certain values
set according to the stage of the process can undoubtedly

serve successfully as indicators of discharge stability and
even the thermal state of the furnace. For the digital twin
model of the power regulator, this approach is acceptable.
However, for the control subsystem of the electric mode,
which aims to ensure the rational distribution of power
in the furnace bath, more detailed information about
the characteristics of the electric arc is required.

Therefore, it is proposed to use instantaneous values
of input parameters in the electric mode model rather than
actual values. The feasibility of this approach is confirmed
by the recent interest in hybrid models of the alternating
current Cassie-Mayer arc, based on solving the equations
of electrical conductivity of the arc column [18 —21].
However, using such models involves a rather complex
mathematical framework and calculations, requiring sig-
nificant time and computational resources. Moreover,
model representations do not always correspond to the real
characteristics of the object, particularly the oscillograms
of the arc current and voltage. Therefore, preference
should be given to analyzing dynamic characteristics con-
structed from instantaneous signal values:

— dynamic voltage-current characteristic (VAC-cha-
racteristic): the dependence of the active component
of phase voltage on current;

— phase trajectory: dependence of the current deriva-
tive on the arc current.

Their typical forms are shown in Fig. 1.

Based on the shape of the dynamic VAC characteris-
tic, particularly the slopes of its linear sections relative
to the current axis, it is possible to uniquely determine
the values of the resistances connected in series with and
shunting the arc. This forms the basis of the dynamic
VAC characteristic method, which is thoroughly detailed
in [22].

Using this method, one can determine the parameters
of the equivalent electrical circuit in the EAF’s work-

ing space. These parameters include the voltage drop
across the arc, the resistance connected in series with
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Fig. 1. Typical forms of dynamic VAC and phase trajectory of circuits with non-shunted («) and shunted (b) electric arc;
data from a real EAF during the combustion period for liquid metal (averaging) (c)

Puc. 1. Tunnunsle popmsl qrunamuueckoit BAX u da3oBoii Tpaexropun 1emneit co cBo00xHO ropsiiieit (a)
U IIYHTUPOBAHHOM () JIEKTPUUECKOI AyroH, a Takxke naHHble ¢ peanpHoi JICII B iepros ropeHns Ha KUK MeTaiut (ycpeanenue) (c)
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it, the short network segment, and the arc power. Dur-
ing the refining stage, when the arcs are shunted by slag,
it is possible to determine the currents in both the slag
and arc branches, as well as the power released in these
zones. Additionally, the analysis of the phase trajectory
has practical applications in developing a mathematical
model for automated control of the EAF’s electric mode
parameters.

Unlike the use of standard deviations of power and
actual values of electrode current and phase voltage
to assess the stability of the arc discharge, analyzing
the forms of phase trajectories and dynamic VAC charac-
teristics provides more illustrative information. It allows
for monitoring the thermal state of the furnace during
melting and timely applying control actions to the pro-
cess. To assess arc plasma instability over specific time
intervals, effective signal processing methods are used,
including short-time Fourier transform (STFT) [22].
The arc instability index

(1

employed by the authors represents the mean quadratic
deviation of the phase voltage signal from its averaged
Fourier representation #,, over several (8 — 12) periods,
normalized to the amplitude of the first harmonic (U)),
across the digital realization (i=1 ... N) of the signal
Uy The procedure for the averaged Fourier transform is
described in more detail in [23].

- EXPERIMENTAL TESTING OF THE METHODOLOGY

Fig. 2 shows the real and averaged dynamic VAC
characteristics and phase trajectories typical for vari-
ous stages of melting, from the beginning to the end
of the melting process. These were obtained by sampling
and analog-to-digital conversion of electrical voltage sig-
nals from the furnace transformer outputs and derivatives
of currents in the electrodes, sampled using Rogowski
coils. The dynamic VAC characteristic exhibits hysteresis
since it is constructed for the values of the total phase
voltage. It is evident that as the charge heats, melts, and
forms a single bath of liquid alloy, the thermal content
of the furnace increases, and the characteristics stabilize,
concentrating in an increasingly narrow area.

This process is reflected in the changes in the arc
instability indicators for individual phases, presented in
Fig. 3. The data were obtained on a heavy-duty EAF-135
during the smelting of a steel semi-product. The charge
was loaded in two stages, so the first section of the char-
acteristic corresponds to the melting of the first batch
of the charge, the second section to the melting of the sec-
ond batch and the refining period. The practical signifi-
cance of monitoring this indicator lies in providing advice
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to the steelmaker on changing the electric mode settings,
switching the voltage tap, and making decisions about
turning off the furnace for loading the second batch or
starting the oxidation stage of the process.

Timely decision-making will reduce the melting time
and specific energy consumption (SEC). It is also noted
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Fig. 2. Change in dynamic characteristics of a circuit

with electric arc at the stages of scrap melting (a),
liquid metal bath forming (b) and oxidative refining (c)

Puc. 2. VI3meHenne TMHAMAYECKUX XapaKTEPUCTHUK IIETIN
C 2JIEKTPUYECKOM AyTrol Ha CTaNSX IUIABJICHUS JoMa (),
TOpPEHMs IyTH HA BaHHY KUIKOTO MeTasua (b)

U OKHUCIIUTENIBLHOTO paguHUpoBaHus (c)
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Fig. 3. Changes in arc instability index during melting

Puc. 3. I3MeHeHus moKasaresist HecTaOMIIbHOCTH JyTH B XOJI€ TJIABKH

that there is a delay in voltage stabilization on the first
phase. Due to the asymmetry of the arc power, the insta-
bility indicator reaches values characteristic of the other
electrodes only after a few minutes. To compensate for
the energy deficit and accelerate the melting process, it is
necessary to increase the gas consumption in the burners
operating in the area of the lagging phase.

Regarding the development of the digital twin for
the electric mode control subsystem, its simplified sche-
matic can be presented in Fig. 4.

According to this scheme, signals of phase vol-
tage and currents in the electrodes (or, in the presence
of Rogowski coils, the derivatives of the current) from
each phase are fed into the subsystem. They are nor-
malized, digitized using an analog-to-digital converter,
subjected to discrete Fourier transform (DFT) with sub-
sequent determination of the arc instability index, and
processed using the dynamic VAC characteristic method.
The output characteristics — arc power and instability
index — are sent to the mode asymmetry determination
block and directly to the advisory block for the technolo-
gist. The advice formed based on the state of the object
includes recommendations for the operator on applying

Input

‘ — u(0); i(7)
Specific
control actions
[ are of N tap
tion v, IZ, Y)
current
setpoints

ASymm [*7

Advice |
forma-

Gas flow

Fig. 4. Simplified block diagram of a digital twin of electrical mode
control subsystem in the “Advice to the technologist” function

Puc. 4. YnporenHnas 010k-cxema Lu(poBoro JBOHHUKA MOACHCTEMbI
YIIPaBJICHUS MEKTPHIECKUM PeKUMOM B QyHKINH «COBET TEXHONOTY»

specific control actions, such as changing the voltage tap,
adjusting current setpoints (conductance or phase impe-
dance), or altering gas flow intensity.

Regulating the electric mode is an important but
not the primary task in managing the steelmaking pro-
cess. The quality of the produced steel has always been
the highest priority among the main production goals.
With the continuously decreasing quality of scrap metal,
its importance only increases.

The quality of the steel produced in heavy-duty fur-
naces largely depends on the oxidation period during
melting. This period also impacts the energy efficiency
of the process, particularly the specific energy consump-
tion (SEC) and the furnace operating time. An under-oxi-
dized alloy increases the phosphorus content in the final
product, while excessive oxidation leads to higher con-
sumption of ferroalloys during the ladle furnace treatment
stage, extending this stage and increasing both oxygen
and specific energy consumption. Therefore, continu-
ous monitoring of the oxidation degree of the metal melt
during the refining period is crucial for effective process
management.

In practice, the oxidation of the metal is determined
episodically (2 — 3 times per melt) using disposable elec-
trochemical probes. Due to the irregularity of measure-
ments and frequent probe failures, this control method can
be considered as an estimate and not meeting the needs
of operational control. Hence, an alternative method
based on measuring an electrical parameter closely
related to the oxidation of the metal is required [24; 25].

This parameter is the constant component of the arc
voltage (CCAV), which arises in AC circuits due
to the difference in thermionic emission currents from
electrodes of different chemical compositions [26 —29].
The thermionic emission current density is described
by the Richardson-Dushman equation

= AT exp| — e |, 2
e a

where A4 is the emission constant; ¢, is the work func-
tion of the electron; & is the Boltzmann constant, and 7 is
the absolute temperature.

As the equation suggests, the difference in emission
currents is influenced by two factors: temperature and
chemical composition. Since the electrode temperatures
are limited by the sublimation of graphite and the evap-
oration of iron, the chemical factor — the difference in
electron work functions — exerts the greatest influence on
the current difference, especially since this parameter is
in the exponent. Impurities significantly affect the work
function. While the chemical composition of graphite
does not change during melting, the metal melt always
contains impurities whose concentrations vary. Thus,
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during the oxidation stage, changes in the CCAV will
most often be related to changes in the melt composition.

The refining stage of steel melting is organized such
that after the melting of the scrap, slag-forming mate-
rials and a reductant, in the form of coke or anthracite,
are added to the furnace. Coke is used to promote slag
foaming. The dissolution of carbon in the liquid metal
increases the work function of electrons from the melt,
thereby reducing the CCAV. Conversely, saturating
the melt with oxygen increases the CCAV.

Thus, continuous monitoring of the CCAV during
the oxidation period allows for real-time assessment
of the oxidation state of the metal in the furnace bath.
In works [30 — 32], the authors comprehensively describe
the methodology for determining oxidation based on
the CCAV. Here, only a brief description of the algorithm
for establishing the relationship between these character-
istics is provided, along with the resulting dependence
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Fig. 5. Dependence of metal oxidation degree on oxygen consumption
at refining stage

Puc. 5. 3aBUCHMOCTb CTETICHN OKUCIICHUSI METAJUIMYECKOTO paciljiaBa
OT pacxo/a KUCIopo/a Ha ctaaun pahUHUPOBAHUS

of the metal oxidation degree on oxygen consumption
(Fig. 5). Furthermore, it is shown how this can be used in
the digital twin technology for the refining stage of steel
melting in heavy-duty furnaces.

The foundation of the digital twin mathematical model is
a statistical relationship linking the average values of CCAV
and metal oxidation. As shown in [31], its graph represents
a rather broad cloud of points stretched along an upward
linear trend. The correlation coefficient of this relationship
is low, not exceeding 0.5. Nevertheless, this approximation
is used in the model as a static characteristic, serving as an
initial approximation for the desired relationship.

The dependence shown in Fig. 5 initially represented
a time series that was smoothed using a moving average
filter, reflecting changes in CCAV during the oxidation
stage of the process and approximated by an exponen-
tial function (Exp). Based on the exponential nature
of the alloy decarburization process and the linearity
of the oxidation process, we use linear approximations
of the final segments to derive the function [O] = f1 (GOz)
from the initial Exp characteristic. By accounting for
changes in the oxygen lance parameters, the time axis is
transformed into an oxygen consumption axis.

Individual points on the graph represent the oxidation
values of the melt obtained using electrochemical sen-
sors. It is evident that these points, while qualitatively
mirroring the characteristic jump, lay significantly higher
than the initial Exp curve. However, after the transfor-
mations, they nearly matched the corrected function
[0] =/(G,,). The block diagram of the digital twin for
metal oxidation control and oxygen lance regulation is
presented in Fig. 6.

The digital twin receives electrical signals from all
phases (instantaneous values), the oxygen consumption
rate at the burners, time, and the mass of corrective charge

Furnace ”
shutdown . 1000 Input
No & u(t); i(?)
T Go,(0)
=) CaO
Yes MgO
0 — 0 CaF,
Furnace
operator
DB

Fig. 6. Simplified block diagram of a digital twin for regulating the oxidative stage parameters:
u(?); i(t) — input electrical signals of phase voltages and electrode currents; Gy () — oxygen consumption;
Ca0, MgO, CaF, — magnesia-lime additives; fluorspar; DB — database

Puc. 6. YnporuenHas 0510k-cxeMa r(poBOro JBOWHHUKA PEryITHPOBAHUS TAPAMETPOB OKHCIUTEIILHON CTaIMH Ipolecca:
u(?); i() — BXOJIHBIE JNEKTPHUUECKHE CUTHANIBI (DA3HBIX HANPSKEHUI U TOKOB 31EKTPOIoB; G, (f) — PacXojl KUCIopo/a;
Ca0, MgO, CaF, — marue3uanbpHO-U3BECTKOBbIE 00ABKH, IIABUKOBbIH mimnar; DB — 6asa nanubix
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materials. The algorithm determines the oxidation level
of the melt, checks if the current value meets the setpoint,
and provides advice to the operator, who then decides on
the control actions to take. Simultaneously, the information
is recorded in a database for further statistical processing
to refine the algorithm’s adjustable parameters. The param-
eter settings should be adapted to the specific unit, consider-
ing the quality of the raw materials, furnace characteristics,
the nature and magnitude of the response to control actions,
and possibly the grade of the product being produced.

- CONCLUSIONS

Effective management of the electric mode requires a
broader approach than simply ensuring the reliable opera-
tion of the power regulator at set voltage taps and control
parameter setpoints. Issues such as phase and arc active
power asymmetry, which remain unresolved even with
modern regulators, can be effectively addressed using
a digital twin of the electric mode control subsystem. This
will significantly expand both the range of controllable
parameters and the functional capabilities of the control
system.

The most rational way to monitor and regulate the oxi-
dation stage of the steel semi-product melting process is
by using a digital twin based on the relationship between
metal oxidation and the constant component of the arc
voltage, as well as analyzing its dependence on oxygen
consumption by the gas burners. This approach, com-
bined with the accumulation and systematization of sta-
tistical information in a database, will significantly reduce
the system’s adaptation time to a specific unit.

Digital twin technology is still a new and continuously
evolving field in process and equipment management
within the metallurgical complex. Its potential for saving
material and energy resources and improving the tech-
nical and economic indicators of production is vast and
particularly valuable as we transition from automated
control systems to automatic regulators of technological
modes and individual units in steelmaking production.

[ REFERENCES / CMUCOK IMTEPATYPbI

1. Shvedenko V.N., Mozokhin A.E. Concept of digital twins at
life cycle stages of production systems. Scientific and Tech-
nical Journal of Information Technologies, Mechanics and
Optics. 2020;20(6):815-827.
https://doi.org/10.17586/2226-1494-2020-20-6-815-827

2. Xiang F., Zhi Z., Jiang G. Digital twins technology and its
data fusion in iron and steel product life cycle. In: 2018 IEEE
15" Int. Conf. on Networking, Sensing and Control (ICNSC),
27-29 March 2018. Zhuhai: 1-5.
https://doi.org/10.1109/ICNSC.2018.8361293

3. Ueda S., Natsui S., Nogami H., Yagi J., Airuama T. Recent
progress and future perspective on mathematical modeling
of blast furnace. ISIJ International. 2010;50(7):913-923.
https://doi.org/10.2355/isijinternational.50.914

4.

10.

11.

12.

Takatani K., Inada T., Ujisawa Y. Three-dimensional dynamic
simulator for blast furnace. ISIJ International. 1999;39(1):
15-22. https://doi.org/10.2355/isijinternational.39.15
Matsuzaki S., Nishimura T., Shinotake A., Kunimoto K.,
Naito M., Sugiyama T. Development of mathematical model
of blast furnace. Nippon Steel Technical Report. 2006;
94:87-95.

Chistyakova T.B., Novozhilova LV., Kozlov V.V,, Lak-
tionov N.V. Software complex for control of electro-
steel process in the arc furnaces. Izvestiva SPbGTI(TU).
2019;51(77):82-89. (In Russ.).
https.//doi.org/10.36807/1998-9849-2019-51-77-82-89

Yucraxosa T.b., Hosoxxunosa 1.B., Ko3nos B.B., Jlaktno-
HoB H.B. IlporpaMmHbIil KOMIIJIEKC [UIs yNpaBICHUs JJIEK-
TPOCTAJCIUIABIIBHBIM MPOIECCOM B AYTOBOU meun. HM3gec-
mus CII6I'TH(TY). 2019;51(77):82-89.
https://doi.org/10.36807/1998-9849-2019-51-77-82-89
Nikolaev A.A. Improving the Efficiency of Electric Arc
Furnaces and Ladle Furnace Units using Advanced Algo-
rithms for Controlling Electrical Modes: Monograph. Mag-
nitogorsk: Nosov MSTU; 2015:161. (In Russ.).

Huxonaes A.A. IoBsiienue 3pdexkTuBHOCTH PabOThI Ayro-
BBIX CTaJCIUIABWJIBHBIX TeYel M YCTaHOBOK KOBII-IIEYb 3a
CYET IPHMCHCHHS YCOBEPIICHCTBOBAHHBIX ~AJTOPHTMOB
VIpaBIeHUsT DIEKTPHISCKUMHU pexkumamu: Monorpadust.
Marnutoropck: UzgarensctBo MI'TY um. Hocosa; 2015:161.
Dmitriev A.N., Zolotykh M.O., Vit’kina G.Yu. Monitoring
the Condition of Blast Furnace Refractory Lining based on Digi-
tal Technologies. Yekaterinburg: AMB; 2022:156. (In Russ.).

Jmutpues A.H., 3onoreix M.O., Butbkuna I"}O. Monwuro-
PHHT COCTOSIHUSI OTHEYIIOPHO#T (pyTEpOBKH TOpHA JTOMEHHOU
Meyd Ha OCHOBE HU(POBBIX TeXHOJOrHH. EkaTepuHOypr:
AMB; 2022:156.

Spirin N.A., Lavrov V.V., Rybolovlev V.Yu., Krasno-
baev A.V., Onorin O.P., Kosachenko I.E. Model Decision
Support Systems in the Automated Process Control System
of Blast Furnace Melting. Yekaterinburg: UrFU; 2011:462.
(In Russ.).

Cnupun H.A., JlaBpoB B.B., Pridonosnes B.1O., KpacHo-
6aeB A.B., Onopun O.I1., Kocauenko 1.E. MonenbHsbie cuc-
TeMbl nnojAepkku npuHATus pemennii B ACY TII nomenHoi
iaBku. ExkarepunOypr: Yp®dY; 2011:462.

Dmitriev A.N., Chen’ K., Zolotykh M.O., Vit’kina G.Yu.
Mathematical Modeling of Blast-Furnace Process. Yekater-
inburg: AMB; 2023:232. (In Russ.).

Jmutpues A.H., Usnp K., 3onoreix M.O., Burbkuna I'.1O.
Maremariueckoe MOJAEIMPOBaHHE IOMEHHOTO Mpolecca.
Exarepun0ypr: AMB; 2023:232.

Nikolaev A.A., Dema R.R., Tulupov P.G., Ryzhevol S.S.
Development of an algorithm for energy-efficient control
of an arc steelmaking furnace using a digital twin. Chernye
metally. 2023;(8):4-12. (In Russ.).
https://doi.org/10.17580/chm.2023.08.01

Hukonaes A.A., lema P.P., Tymynos ILI., PeoxeBon C.C.
Pazpabotka anroput™a 3HEprodpGEKTUBHOTO YIPABICHUS
JIYTOBOI1 CTaJIeIUIaBIIIBHON TIEYBIO C UCHOJIB30BAHUEM IH(D-
poBoro aBoitHuKa. Yepuvie memarnnvt. 2023;(8):4-12.
https://doi.org/10.17580/chm.2023.08.01

Mironov Yu.M., Mironova A.N. Analysis of characteristics
of electric arc furnaces as control objects. Russian Electrical

487


https://doi.org/10.17586/2226-1494-2020-20-6-815-827
https://doi.org/10.1109/ICNSC.2018.8361293
https://doi.org/10.2355/isijinternational.50.914
https://doi.org/10.2355/isijinternational.39.15
https://doi.org/10.36807/1998-9849-2019-51-77-82-89
https://doi.org/10.36807/1998-9849-2019-51-77-82-89
https://doi.org/10.17580/chm.2023.08.01
https://doi.org/10.17580/chm.2023.08.01

N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2024;67(4):481-489.
Cusyos A.B, lllewykos O.10. u dp. [Ipo61eMbl aBTOMAaTH3UPOBAHHOTO YIPABJIE€HUS TEXHOJIOTUYECKUM MTPOLIECCOM B [[yTOBBIX ...

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

488

Engineering. 2017;88(7):395-399.
https://doi.org/10.3103/S1068371217070124

Mironov Yu.M., Mironova A.N. Analysis of electrical condi-
tions of electric arc furnaces during different periods of melt-
ing. Metallurgist. 2021;65:177-184.
https://doi.org/10.1007/s11015-021-01146-5

Raisz D., Sakulin M., Renner H., Tehlivets Y. Recognition
of the operational states in electric arc furnaces. In: Ninth
Int. Conf. on Harmonics and Quality of Power. Proceedings
(Cat. No.OOEX441), 1-4 Oct. 2000, Orlando, Florida USA.
IEEE; 2:475-480. https://doi.org/10.1109/ichqp.2000.897725
Zhao H., Chen F., Zhao Z. Study about the methods of elec-
trodes motion control in the EAF based on intelligent control.
In: 2010 Int. Conf. on Computer, Mechatronics, Control and
Electronic Engineering 24-26 Aug. 2010 Changchun, China.
IEEE; 4:68-71. https://doi.org/10.1109/cmce.2010.5610213
Nikolaev A.A., Kornilov G.L., Yakimov [.A Investigation
of the operating modes of electric arc furnaces in combina-
tion with static thyristor reactive power compensators. Part 2.
Elektrometallurgiya. 2014;(6):9—13. (In Russ.).

Huxomnaes A.A., Kopuunos I'JI., SIkumoB N.A. Vccienosa-
HHE PSKUMOB PaOOThI TyTOBBIX CTAJICIIABMIBHBIX Meuei B
KOMIIIEKCE CO CTATUYECKHUMHU THPHUCTOPHBIMU KOMIICHCATO-
pamu peakTuBHOI MomHOCTH. Yacts 2. Dnexmpomemannyp-
eus. 2014;(6):9-13.

Kornilov G.P., Nikolaev A.A., Yachikov .M., Yakimov [.A.,
Karandaev A.S. High-speed control system for the electric
mode of an arc steelmaking furnace. Izvestiya vuzov. Elektro-
mekhanika. 2017;60(6):45-54. (In Russ.).
https://doi.org/10.17213/0136-3360-2017-6-45-54

Kopuuios I'I1., Hukonaes A.A., STunkos .M., SIkumos N.A.,
Kapanmaes A.C. beicTponeiicTByromIasi CHCTeMa YIpaBIeHNs
SMEKTPHYECKUM PEKUMOM TYTOBOH CTaJIEIIaBHUIBHON MEUH.
Hzeecmus 6y3o06. nekmpomexanuxa. 2017;60(6):45-54.
https://doi.org/10.17213/0136-3360-2017-6-45-54

Yang F., Tang Z., Shen Y., Su L., Yang Z. Parameter deter-
mination method of cassie-mayr hybrid arc model based on
magnetohydrodynamics plasma theory. Frontiers in Energy
Research. 2022;10.
https://doi.org/10.3389/fenrg.2022.808289

Guardado J.L., Maximov S.G., Melgoza E., Naredo J.L.,
Moreno P. An improved arc model before current zero based
on the combined Mayr and Cassie arc models. Transactions
on Power Delivery. 2005;20(1):138-142.
https://doi.org/10.1109/TPWRD.2004.837814

Chittora P., Singh A., Singh M. Modeling and analysis of power
quality problems in electric arc furnace. In: Annual IEEE India
Conf. (INDICON). New Delhi: 17-20 December 2015. IEEE:
1-6. https://doi.org/10.1109/INDICON.2015.7443638
King-Jet T., Yaoming W., Vilathgamuwa D.M. An experi-
mentally verified hybrid Cassie-Mayr electric arc model for
power electronics simulations. /EEE Transactions on Power
Electronics. 1997;12(3):429-436.
https://doi.org/10.1109/63.575670

Shakti P.S., Debi P.D., Santosh K.B., Nigamananda R. Insta-
bility and fault analysis of arc plasma using advanced sig-
nal processing methods. Review of Scientific Instruments.
2023;94(10):104710. https://doi.org/10.1063/5.0161187
Sivtsov A.V., Sheshukov O.Yu., Tsymbalist M.M., Nekra-
sov V., Egiazar’yan D.K., Makhnutin A.V., Orlov P.P. Steel
semiproduct melting intensification in electric arc furnaces

24.

25.

26.

217.

28.

29.

30.

31.

using coordinated control of electric and gas conditions: II.
On-line control of the state of the charge and melt zones
in electric arc furnaces. Russian Metallurgy (Metally).
2019;2019(6):565-569.
https://doi.org/10.1134/S003602951906017X

Sivtsov A.V., Egiazar’yan D.K., Sheshukov O.Yu., Tsymba-
list M.M., Orlov P.P., Mikheenkov M.A. Method for con-
trolling the parameters and characteristics of an electric arc
to evaluate the efficiency of using briquetted metallized scale
for steel smelting. Metallurgist. 2022;66:11-18.
https://doi.org/10.1007/s11015-022-01296-0

Sivtsov A.V., Sheshukov O.Yu., Tsymbalist M.M., Nekra-
sov I.V., Egiazar’yan D.K. The valve effect of an electric arc
and problems in controlling electric-arc furnaces Metallur-
gist. 2015;59(5-6):380-385.
https://doi.org/10.1007/s11015-015-0113-6

Nikol’skii V.N. Rectifying effect of arc of a three-phase steel-
making furnace. Elektrichestvo. 1951;(11):34-37. (In Russ.).

Huxonsckuit B.H. Beimpsimiisitoniee neidcTBUe Ayrd TpeX-
(hazHOW craneruiaBuiIbHON Teun. dnekmpuuecmeo. 1951,
(11):34-37.

Markov N.A., Barannik O.V. Effect of a constant component
of electrode currents on operation of an electric arc steelmak-
ing furnace. Elektricheskie apparaty: Tr. Kuibyshevskogo
politekhnicheskogo instituta. 1970;(2):145-150. (In Russ.).

Mapko H.A., Bapanauk O.B. Bnusiaue Ha paboty myro-
BOM CTaJICMJIaBUIbHON JIEKTPONEYM IOCTOSHHOM cocTaB-
JsIoLIel TOKOB 3JIEKTPOIOB. ODnexmpuueckue annapamoi:
Tpyowt  Kytibviuiesckoco nonumexHuuecko2o uHCmumymd.
1970;(2):145-150.

Pedro A.A., Suslov A.P. Valve effect in an electrode furnace.
Tsvetnye metally. 2012;(12):91-95. (In Russ.).

TTenpo A.A., Cycnos A.I1. BeHTuibHBIN 3QQEKT B 37EKTPOJI-
HoW rieun. [[eemuvie memannot. 2012;(12):91-95.
Beloglazov L.1., Pedro A.A. On valve effect in an ore-thermal
furnace. Elektrometallurgiya. 2016;(2):20-27. (In Russ.).

Benornazos U.U., Ilenpo A.A. O mpupone BEHTHIBHOTO
s dexTa B pyIHO-TEPMUYCCKON TEUU. DIeKMpOMemaiiyp-
eus. 2016;(2):20-27.

Sivtsov A.V., Tsymbalist M.M., Sheshukov O.Yu., Nekrasov
I.V. A method for controlling the oxidation of slag and metal
during the smelting of iron-based alloys in alternating cur-
rent electric arc furnaces. Patent RF no. 2485185. MPK C21C
5/52, GOIN 27/26. Bulleten’izobretenii. 2013;(17). (In Russ.).

ITar. RU 2485185. Crioco0 KOHTPOIISE OKUCICHHOCTH IIIJIaKa U
MeTajuia IpH BHIJIABKE CIUIAaBOB HA OCHOBE JKeJie3a B 3JICKT-
POIYTOBBIX Tedax nepeMeHHoro Toka / CuBnoB A.B., Llpim-
6amict M.M., llemykoB O.FO., Hekpaco U1.B.; 3asBneno
13.09.2011; onyonukoBano 20.06.2013, Broyuterens Ne 17.
Sivtsov A.V., Sheshukov O.Yu., Nekrasov L.V., Tsymba-
list M.M., Egiazar’yan D.K., Orlov P.P. On some features
of application of arc voltage constant component to control
metal oxidation during steel refining. Elektrometallurgiya.
2020;(1):2-8. (In Russ.).

Cusnos A.B., lllemykos O.1O., Hekpacos U.B., Ilpim0Oa-
muct M.M., Eruaszapesn JI.K., Opnos ILII. O HexoTopbIx
0COOCHHOCTSIX TPHMEHEHHs IOCTOSHHON COCTaBJISIOMIEH
HAIPSDKEHHUsT OYTU IJIs1 KOHTPOJSI OKUCICHHOCTH MeTajula
Ha cTaauu padUHUPOBAHUS CTaNU. DNeKmpoMemaiiypus.
2020;(1):2-8.


https://doi.org/10.3103/S1068371217070124
https://doi.org/10.1007/s11015-021-01146-5
https://doi.org/10.1109/ichqp.2000.897725
https://doi.org/10.1109/cmce.2010.5610213
https://doi.org/10.17213/0136-3360-2017-6-45-54
https://doi.org/10.17213/0136-3360-2017-6-45-54
https://doi.org/10.3389/fenrg.2022.808289
https://doi.org/10.1109/TPWRD.2004.837814
https://doi.org/10.1109/INDICON.2015.7443638
https://doi.org/10.1109/63.575670
https://doi.org/10.1063/5.0161187
https://doi.org/10.1134/S003602951906017X
https://doi.org/10.1007/s11015-022-01296-0
https://doi.org/10.1007/s11015-015-0113-6

I1ZVESTIYA. FERROUS METALLURGY. 2024;67(4):481-489.
Sivtsov A.V, Sheshukov 0.Yu., etc. Automated process control in electric arc furnaces in the aspect of digital twin technology

32. Sivtsov A.V., Sheshukov O.Yu., Egiazar’yan D.K., Tsym-
balist M.M., Lobanov D.A. Slag mode regulation in elect-
ric arc furnace based on electrical parameters control dur-
ing melting oxidation period. lzvestiya. Ferrous Metallurgy.
2022;65(9):619-628. (In Russ.).
https://doi.org/10.17073/0368-0797-2022-9-619-628

Cuguos A.B., lllemrykos O.1O., Eruazapesu /1.K., HpimOanuct
M.M., Jlo6ano [I.A. PeryiampoBaHHE IIIAKOBOTO pPEKHMA
BBITUIABKU CTaJIM B AJIEKTPOIYTOBOM [1€4X Ha OCHOBE KOHTPOJIS
EKTPUUECKHUX MTAaPaMETPOB B XOJIE OKUCIUTENIHLHOTO TTePHOAa
TaBku. Mzeecmus 8y306. Yepnas memannypeus. 2022;65(9):
619-628. https://doi.org/10.17073/0368-0797-2022-9-619-628

Andrei V. Sivtsov, Dr. Sci. (Eng.), Leading Researcher of the Labora-
tory of Technogenic Formations Problems, Institute of Metallurgy, Ural
Branch of the Russian Academy of Sciences

ORCID: 0000-0002-7840-1088

E-mail: aws2004@mail.ru

Oleg Yu. Sheshukov, Dr. Sci. (Eng.), Chief Researcher, Institute of Metal-
lurgy, Ural Branch of the Russian Academy of Sciences; Prof., Director of
the Institute of New Materials and Technologies, Ural Federal University
named after the first President of Russia B.N. Yeltsin

ORCID: 0000-0002-2452-826X

E-mail: o.j.sheshukov@urfu.ru

Denis K. Egiazar’an, Cand. Sci. (Eng.), Senior Researcher, Head of the
Laboratory of Technogenic Formations Problems, Institute of Metal-
lurgy, Ural Branch of the Russian Academy of Sciences; Assist. Prof. of
the Chair of Metallurgy of Iron and Alloys of the Institute of New Mate-
rials and Technologies, Ural Federal University named after the first
President of Russia B.N. Yeltsin

ORCID: 0000-0002-9833-7191

E-mail: avari@mail.ru

Mikhail M. Tsymbalist, Cand. Sci. (Eng.), Senior Researcher of the Labo-
ratory of Pyrometallurgy of Reduction Processes, Institute of Metallurgy
of Ural Branch of the Russian Academy of Sciences

ORCID: 0000-0002-9570-040X

E-mail: cherknimne@yandex.ru

Pavel P. Orlov, Cand. Sci. (Eng.), Engineer, Senior Lecturer of the Chair
of Metallurgy of Iron and Alloys of the Institute of New Materials and
Technologies, Ural Federal University named after the first President
of Russia B.N. Yeltsin

ORCID: 0000-0003-4616-306X

E-mail: p.p.orlov@urfu.ru

AHdpeli Baaducaasosuy Cugyos, 0.m.H., edywjuli HayyHwlll compyo-
HUK s1a6opamopuu npo6siem MmexHo2eHHbIX 06pa308anuli, UHCTUTYT
MeTaJlJIypruu YpaabcKkoro otgesnenus PAH

ORCID: 0000-0002-7840-1088

E-mail: aws2004@mail.ru

Osez KOpwvesuy llleulykos, 0.m.H., 2/a8HbIU HAY4YHbIU COMPYOHUK,
WHCTUTYT MeTa/ypruu Ypanbckoro otaeseHuss PAH; npogeccop,
dupekmop UHcmumyma Ho8blX Mamepuanos U mexHoi02uli, Ypasbc-
KUH delepabHbIA YHUBEpPCUTET UMeHM NepBoro [IpesugenTta Poc-
cuu B.H. Enbiimna

ORCID: 0000-0002-2452-826X

E-mail: o.j.sheshukov@urfu.ru

Jernuc Koncmanmunosuy E2ua3zapbsH, k.m.H, cmapwuli Hay4Hbll
compydHuk, 3asedyowuil snabopamopuet, WHCTUTYT MeTaypruu
Ypanbckoro otzenenus PAH; doyenm kagedpbt memannypauu sceneza
u cnaasos MHcmumyma Hoeblx Mamepuasn0e u mexHoao2utl, Ypasb-
CKUM desiepalbHbIM YHUBEPCUTET UMeHU nepBoro [Ipe3ugenTa Poc-
cuu b.H. Enbuinna

ORCID: 0000-0002-9833-7191

E-mail: avari@mail.ru

Muxaua Muxaiinoeuy Ibiméaaucm, K.m.H, cmapwull HayyHwill
compyoHUK sabopamopuu nupomemasnnypauu 80cCMaHo8UMebHbIX
npoyeccos, UHCTUTYT MeTaJlJIypruu Ypajabckoro otaenenus PAH
ORCID: 0000-0002-9570-040X

E-mail: cherknimne@yandex.ru

Ilasen Ilemposuy Op.108, K.m.H., UHX}CEHep, cmapwull npenodasamesb
Kagedpul Memanypauu xese3a u cniasos UHCMuUmyma Hogblx mame-
puasos u mexHosozull, Ypanbckuii ®@e/iepasbHblii YHUBEPCUTET UM.
[lepsoro IlpesugenTta Poccun B.H. Enbriyna

ORCID: 0000-0003-4616-306X

E-mail: p.p.orlov@urfu.ru

A. V. Sivtsov - general scientific guidance, conducting theoretical re-
search, planning experiments, conducting industrial tests, writing the
text.

0. Yu. Sheshukov - setting the research task, planning industrial tests,
correcting and editing the article.

D. K. Egiazaryan - conducting laboratory research, discussing the
results.

M. M. Tsymbalist - software for experimental research, conducting
industrial tests.

P. P. Orlov - conducting laboratory research.

A. B. Cusyoe - o6111ee pyKOBOJCTBO HCC/IeJOBaHHEM, TeOpeTUYecKre
U3bICKaHUs, [IJIAHUPOBAHUE 3KCIIEPUMEHTA, NPOBeJIeHUe MPOMBIIL-
JIEHHBIX UCTIBITAaHUH, HAllMCaHHE CTATbU.

0. I0. lllewtyko8 - 1oCTaHOBKA 3a/la4y UCCIe/JOBAaHUM, IJIaHUPOBaHUe
NPOMBIILIJIEHHBIX MCIBITaHUH, KOPPEKTUPOBKA M peJaKTHPOBaHUe
CTaThbU.

A. K. EzuazapvaH - npoBeJieHUe JIabBOpPAaTOPHBIX HCCIeJ0BaHUH,
06CyX/leH1e pe3y/bTaToB.

M. M. Llbim6aaucm - nporpaMMHoe obecrnedyeHre 3KCepruMeHTalb-
HBIX UCC/Ie/JOBAaHUH, NPOBeieHHe NPOMBbIIIJIEHHBIX UCIIBITAHUH.

II. I1. Ops106 - ipoBe/ieHUe 1abOPATOPHBIX UCCIEL0BAHU M.

Received 28.02.2024
Revised 09.04.2024
Accepted 19.06.2024

IToctynuna B pepakuuio 28.02.2024
[Tocne nopadorku 09.04.2024
IMpunsta x myonukauu 19.06.2024

489


https://doi.org/10.17073/0368-0797-2022-9-619-628
https://doi.org/10.17073/0368-0797-2022-9-619-628
http://orcid.org/0000-0002-7840-1088
mailto:aws2004@mail.ru
http://orcid.org/0000-0002-2452-826X
mailto:o.j.sheshukov@urfu.ru
http://orcid.org/0000-0002-9833-7191
mailto:avari@mail.ru
http://orcid.org/0000-0002-9570-040X
mailto:cherknimne@yandex.ru
http://orcid.org/0000-0003-4616-306X
mailto:p.p.orlov@urfu.ru
http://orcid.org/0000-0002-7840-1088
mailto:aws2004@mail.ru
http://orcid.org/0000-0002-2452-826X
mailto:o.j.sheshukov@urfu.ru
http://orcid.org/0000-0002-9833-7191
mailto:avari@mail.ru
http://orcid.org/0000-0002-9570-040X
mailto:cherknimne@yandex.ru
http://orcid.org/0000-0003-4616-306X
mailto:p.p.orlov@urfu.ru

Hang Homepowm paboTanu:

JL.U. JIeOHTbEB, 2/1a8Hblil pedakmop
E.B. [IpoTormomnoB, 3amecmumestb 21a8H020 pedakmopa
E.A. VIBaHU, omeemcmaeHHblil cekpemaps
JL.IL. baieHko, 3amecmumesisb 0OMeEemcmeeHH020 ceKpemaps
E.IO. [ToranoBa, 3amecmumeis 21a8H020 pedakmopd no pa3sumuro
O.A. Jlonuiikas, HayuHblil pedakmop
E.M. 3anosnbckas, sedywuil pedakmop
A.O. T'amHuKoBa, 8edywuil pedakmop
B.B. Pacenernip, sepcmka, uwirocmpayuu

I".FO. OcTporopckas, meHedscep no pabome ¢ KaueHmamu

ommicaro B euats 20.08.2024. @opmar 60x90 '/, Bym. opcernas Ne 1.
ITeuars mu¢posas. Yei. ned. 1. 14,25. 3aka3 20334. Ilena cBobogHast.

Ortnevarano B tunorpaduu Usnarensckoro Joma MUCHC.
119049, MockBa, JlennHckuit np-k, . 4, ctp. 1.
Ten./daxc: +7 (499) 236-76-17



Thermodynamic modeling of cobalt and nickel reduction using hydrometallurgical enrichment
concentrates for steel alloying

Complex electron-ion-plasma surface modification of high-alloy stainless steel

Gradient of microhardness in the contact zone coating (HEA CoCrFeNiMn) - substrate (alloy 5083)

Phase composition and microstructure of intermetallic alloys obtained using electron-beam additive
manufacturing

Low-cycle fatigue of welded joint from steel of X70 strength class

Influence of inhomogeneities in chemical composition and porosity of sintered steel on development of
martensitic transformation

Physics of hardening of the rolling surface of rail head from hypereutectoid steel after operation
Effect of electric arc surfacing on the structure and properties of coatings

Molecular dynamics study of the influence of carbon impurity on austenite nanoparticles crystallization
during rapid cooling

Thermodynamic aspects of WO, tungsten oxide reduction by carbon, silicon, aluminum and titanium

Stress state of billet - mandrel system during production of hollow steel billet in a unit of continuous
casting and deformation. Part 2

Stress-strain state of ceramic shell mold during formation of spherical steel casting in it
Development of a methodology for determining the content of non-metallic inclusions in steel
Automated process control in electric arc furnaces in the aspect of digital twin technology

To the 90t Anniversary of Leonid Andreevich Smirnov

3aperucrtpupoBaH PepepanbHomn cnyx6om

no Haa3opy B cpepe cBA3U, UHPOPMALIUMOHHbBIX
TeXHONIOrM U MacCOBbIX KOMMYHUKaLUNA.
CBupeTenbCcTBO O perucTpauum

M Ne ®C77-35456.

NoanucHom nuaekc 70383.




